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It has been well established that volatile fatty acids (VFA) are the 
major end-products of fermentation in the rumen, are absorbed from the 
rumen, and are potentially an important source of energy for ruminants. 
However, the fate of long-chain fatty acids and other lipids which make 
up approximately 5% of the dry matter consumed by herbivorous animals has 
not been well defined. It has been shown that dietary lipids are hydro-
lyzed quite rapidly by rumen microbes, and that the unsaturated 18-carbon 
fatty acids are hydrogenated to various degrees, but the absorption and 
metabolism of the long-chain fatty acids in the rumen are not yet fully 
understood. 
It has also been clearly established that certain VFA, namely 
butyrate, isovalerate, and caproate, are metabolized to ketone bodies 
by the rumen mucosa. However, elevation of blood ketone levels in spon­
taneous ketosis and in fasting occurs at a time when the VFA production 
from rumen fermentation is decreased. The long-chain fatty acids have 
been shown to function as an alternate substrate for the formation of 
ketone bodies in the rumen mucosa of sheep. However, a similar metabolic 
phenomenon has not been demonstrated in the bovine. The objectives of 
the vitro studies reported herein were 1) to determine whether long-
chain fatty acids, namely lauric, myristic, palmitic, stearic, oleic, 
and linoleic, are metabolized to ketone bodies by bovine rumen mucosa, 
and 2) to determine the effect of fasting on the rate of this metabolic 
activity. 
Studies with an isolated, perfused rumen and with surgically modified 
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sheep and goats have indicated that small amounts of long-chain fatty 
acids may be absorbed from the rumen via the blood stream. Since the 
long-chain fatty acids are absorbed primarily via the lymphatic system 
in the intestine, it was felt that if long-chain fatty acids are absorbed 
from the rumen to any significant degree, the lymphatic system might be 
as likely a route as the blood system. Previous studies were not designed 
to determine whether long-chain fatty acids are absorbed from the rumen 
via the lymphatics, and in some cases surgical alterations left the ani­
mals in a highly abnormal physiological state. Interpretation of the 
data presently available in the literature is therefore somewhat difficult. 
The objective of the present in vivo studies was to ascertain whether 
long-chain fatty acids are absorbed via the lymphatic system from the 
rumen of calves with functionally complete forestomach development. 
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REVIEW OF LITERATURE 
The rumen epithelium of sheep and cattle is in contact with short-
chain as well as long-chain fatty acids. The short-chain or volatile 
fatty acids (VFA), which are products of rumen microbial fermentation 
and serve as an important source of energy in ruminants (Warner (1964)), 
have been the subject of extensive investigations during the past 25 
years. However, the fate of the long-chain fatty acids in the rumen has 
received somewhat less attention. The absorption and metabolism of VFA 
have been reviewed thoroughly by Sutton (1962), and Hodson (1965) has 
recently reviewed the role of VFA in the ketogenic activity of the rumen 
mucosa. Therefore, these topics will be given only brief coverage here. 
Phillipson and McAnally (1942) proposed that VFA are absorbed from 
the rumen, and the work of Barcroft et al. (1944) and others supports 
this hypothesis. Masson and Phillipson (1951) and Kiddle ejt (1951) 
suggested that butyrate was metabolized by the rumen wall. Pennington 
(1952) reported that rumen mucosa metabolized butyrate more extensively 
than either acetate or propionate, and that a large proportion of the 
butyrate and lesser amounts of acetate were converted to ketone bodies. 
Less ketone bodies were produced in the presence of propionate than when 
no exogenous substrate was present. In support of these vitro obser­
vations, early work by Pennington (1952) and Annison jet al. (1957) fur­
nished in vivo evidence that the rumen wall is an active site of VFA 
metabolism. They determined ruminai vein- and portal vein-arterial dif­
ferences in ketone levels, respectively, and found a greater concentration 
of ketones in the venous blood than in the arterial blood. More recently. 
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Shoji et al. (1964) found the level of ketones in the ruminai vein to be 
much higher than in the carotid artery, and Roe et (1966) have reported 
higher ketone levels in portal vein blood than in arterial blood of adult 
sheep. 
The work of Hodson et al. (1965) established the rumen wall as the 
site of metabolic conversion of butyrate to ketone bodies more conclu­
sively than any of the earlier studies, Hodson et al. (1965) measured 
the changes in radioactivity of ketones in the portal blood and in arte­
rial blood after addition of a 3-^^C-butyrate solution to the emptied, 
washed rumen of each of two calves. Radioactive ketone levels were con­
sistently higher in portal blood than in arterial blood. 
In addition to acetate and butyrate, other VFA have been shown to 
serve as substrates in the ketogenic activity of rumen mucosa in vitro. 
Annison and Pennington (1954) reported that valerate was converted to 
acetate and propionate, the former of which could condense in pairs to 
give rise to ketone bodies. Annison and Pennington (1954) also found 
isovalerate to be ketogenic under certain vitro conditions. In vitro 
studies by Hodson (1965) demonstrated that butyrate, isovalerate, and 
caproate are strongly ketogenic when incubated with bovine rumen mucosa. 
Schultz et a%. (1949) reported that butyrate, caproate, caprylate, and 
caprate caused an increase in blood ketone levels of 5-10 mg % when orally 
administered to goats, but that laurate, oleate, or corn oil had no effect 
on blood ketone levels when administered by the same route. 
From the reports cited above, it can be concluded that the steam-
volatile fatty acids are important substrates in the metabolic formation 
of ketone bodies in the rumen mucosa of the normal ovine or bovine. 
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However, there is some evidence that the VFA are relatively less important 
precursors of ketone bodies than are the long-chain fatty acids in the 
ketotic ruminant animal. 
Smith eit al. (1961) reported that liver from sheep (made ketotic by 
fasting in late pregnancy) readily produced ketones from endogenous sub­
strates in vitro, but the addition of acetate, propionate, or butyrate to 
the incubation medium had almost no effect on ketone formation. In their 
studies, rumen epithelium from both normal and ketdtic sheep readily pro­
duced ketones from endogenous substrates and from butyrate, but rumen 
epithelial tissue from normal animals converted a slightly higher per­
centage of the metabolized ketogenic VFA to ketones than did tissue from 
ketotic animals. Ketone formation by normal and ketotic rumen epithelium 
in the absence of exogenous substrate was equal to that of ketotic liver 
on a dry tissue nitrogen basis, but rumen epithelium produced three to 
five times as much ketone from added butyrate as did liver. Since no 
significant differences were observed between ketotic and normal liver 
slices in the production of ketones from ketogenic VFA, Smith eit al. (1961) 
suggested that, while the liver of ketotic sheep has an enhanced capacity 
to produce ketones in the absence of added substrate, some other ketogenic 
agent such as increased liver lipid provides the substrate for increased 
ketone body production in the liver of ketotic sheep. They stated that 
the rumen epithelium may also be an important source of blood ketones 
during ketosis, since this tissue retains a high potential for ketone 
production even during fasting, when there may be a decrease in the pro­
duction of VFA in the rumen. 
Decreased rumen VFA concentrations during fasting and ketosis have 
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been observed in dairy cows. Schultz (1954) reported that the total VFA 
concentration in the rumen fluid of ketotic cows was significantly lower 
than that of normal cows. Molar % acetate was higher and molar % propi­
onate was lower in ketotic cows than in normal cows, whereas, no change 
occurred in butyrate. The concentration of rumen VFA after a 16-hr fast 
was similar to that in ketotic cows. Brown and Shaw (1957) found no sig­
nificant differences in the amount of VFA in the rumen of ketotic cows 
off feed and healthy cows fasted from 18 to 24 hr. Both groups had lower 
total rumen acids, containing more acetate, and less propionate, than 
healthy cows on a normal ration or ketotic cows with normal appetites. 
These authors concluded that the low VFA concentration and the altered 
acetate to propionate ratio which is observed in the rumen fluid of cows 
with ketosis is primarily due to a partial fasting condition resulting 
from the anorexia which usually accompanies ketosis. 
At the same time that VFA production in the rumen of fasted or 
ketotic animals is decreased, the amount of potentially ketogenic long-
chain fatty acids presented to the rumen epithelium and liver is signifi­
cantly increased. Radloff ejt (1966) reported that fasting increased 
both plasma free fatty acid and blood ketone concentrations in cows and 
goats, and that the increases were much greater in milking than in dry 
animals. These workers suggested that plasma free fatty acids are a pri­
mary source of ketones under fasting conditions, but not in normally fed 
animals. Data presented by Radloff ejt al, (1966) indicate that the blood 
sugar is a controlling factor in ketogenesis, under both fed and fasting 
conditions. 
In experiments with dairy cows in the early stages of ketosis. 
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Radloff and Schultz (1967) found a significant depression in blood 
sugars and plasma triglycerides along with significant elevations of 
plasma free fatty acids and blood ketones. The free fatty acids are 
probably mobilized from the body fat depots. There was no apparent 
abnormality in total concentration of ruminai VFA or the percentages 
of VFA during the early stages of the condition, but in a more advanced 
stage the total concentration was depressed and the percentage of acetate 
increased while propionate decreased. 
Dairy cows most frequently develop the ketotic syndrome in the early 
stages of lactation when milk production is high and when the secretion 
of lactogenic hormone is probably maximal. Williams ejt (1966) re­
ported that injections of purified bovine lactogenic hormone in alkaline 
saline increased the level of plasma free fatty acids to 250% of pre-
injection levels in 4 hr and depressed blood glucose levels 74%. Neutral 
saline containing lactogenic hormone had no effect on plasma free fatty 
acid levels. Although the experiment was of a preliminary nature and 
data were limited, the results indicate that an important relationship 
may exist between the presence of this hormone and conditions favoring 
ketogenesis from long-chain fatty acids. 
Direct evidence that the long-chain fatty acids can be converted to 
ketone bodies by rumen epithelium and liver tissue of sheep was first 
reported by Jackson et al. (1964). These workers used vitro tech­
niques to compare the metabolism of palmitate, stearate, oleate, and 
linoleate in rumen and liver tissue from normal and ketotic animals with 
respect to the role of these fatty acids in ruminant ketosis. Endogenous 
ketones were readily produced by the liver and rumen tissue from normal. 
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nonpregnant ewes, while significantly greater quantities were produced by 
tissues from ketotic pregnant ewes. The unsaturated fatty acids, oleate 
and linoleate, were associated with higher levels of ketone body formation 
than were the saturated acids, while both groups of fatty acids caused 
higher levels of ketone body formation with rumen epithelium than with 
liver. These results led Jackson et al. (1964) to suggest that the capac­
ity of the rumen epithelium to produce ketone bodies from the fatty acids 
found in the depot fats is a factor in the high susceptibility of ruminants 
to spontaneous ketosis. 
Hird et a_l. (1966) provided further evidence that rumen epithelium of 
sheep is capable of converting long-chain fatty acids to ketone bodies. 
Using an in vitro technique with isolated rumen tissue, they observed that 
when fatty acids were presented to the papillae surface, ketone bodies 
were released from the opposite (muscle) side of the tissue. Hird et al. 
(1966) observed that critical concentrations of octanoate or decanoate 
inhibited tissue respiration and diminished ketone body synthesis, and 
that under these conditions unmetabolized fatty acid crossed the tissue 
down a concentration gradient. The inhibitory effect of both octanoate 
and decanoate were more marked when the fatty acid was presented to both 
surfaces of the rumen epithelium. Of the even-numbered fatty acids con­
taining 12 or more carbon atoms, the rate of conversion to ketone bodies 
was myristate > laurate > palmitate > oleate > linolenate > stearate. 
The author is not aware of any other published data involving the 
conversion of long-chain fatty acids to ketone bodies by rumen epithelium. 
This phenomenon has not been demonstrated in the bovine. 
While the VFA are the major source of energy in ruminants, the 
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long-chain fatty acids are also important. This has been shown by West 
and Annison (1963), who found that 4-7% of the total CO2 expired by sheep 
arose from the oxidative metabolism of palmitate. Assuming that palmitate 
metabolism is representative of that of the other plasma free fatty acids, 
they estimated that the contribution of long-chain fatty acids to total 
CO2 production is about 25%. The digestion and assimilation of lipids by 
ruminants has been discussed by Carton (1965), but a brief review of these 
physiological processes will be presented here. 
The dry matter consumed by herbivorous animals may contain up to 10% 
lipid. Carton (1959) reported that the dry matter of pasture grasses con­
tains 4-6% lipid, consisting mainly of fatty acids in the glyceride form. 
About 75% of the fatty acid fraction is linolenic acid. Carton (1959) 
estimated that a grazing cow may easily consume 450 g or more of lipid 
per day. The fate of this lipid in the rumen has been investigated during 
the past 15 years, although not as extensively as the metabolism of the VFA, 
Hoflund et al. (1955) noted that the trienoic acids predominate in 
the dietary fat of ruminants but are nearly lacking in milk and depot fats, 
suggesting that some sort of hydrogénation must take place. In contrast 
to results obtained with mature ruminants, they found that calves with 
non-functional rumens stored the fatty acids of linseed oil with an un­
changed ratio of linoleic acid to linolenic acid. These observations, 
plus the finding that cows with decreased rumen activity secreted milk fat 
with an increased percentage of linoleic and linolenic acid, led to the 
conclusion that hydrogénation of the polyunsaturated fatty acids is asso­
ciated with fermentation in the rumen. In further experiments, Hoflund 
et al. (1956) introduced linseed oil, which contains a high percentage of 
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linolenic acid, into the rumen of sheep and found that linolenic acid 
levels decreased rapidly while linoleic acid levels increased. Addition 
of a fungicide to the rumen did not decrease the hydrogénation of tri-
enoic acid to dienoic acid, leading the authors to conclude that the 
bacteria or protozoa were responsible for hydrogénation of the fatty 
acids. 
In vitro studies by Shorland et al. (1957) demonstrated the produc­
tion of stearic acid from oleic, linoleic, and linolenic acids during 
incubation with sheep rumen contents. These workers also noted the for­
mation of trans isomers of the unsaturated fatty acids during incubation. 
Wright (1959) reported that the rumen protozoa are capable of hydrogen-
ating linolenic acid to linoleic acid and oleic acid to stearic acid, 
but found no evidence for conversion of linoleic acid to oleic acid. 
Carton (1965) states that complete hydrogénation of linolenic acid to 
stearic acid can be accomplished by mixed cultures of rumen microorganisms. 
In addition to hydrogénation of linseed oil fatty acids by sheep 
rumen contents. Carton et al. (1958) observed that 75% of the total lipid 
appeared in the form of free fatty acids, as compared to 50-60% of total 
lipid as free fatty acid in samples incubated without sheep rumen contents. 
Lipolysis of linseed oil glycerides was shown to be enzymatic in nature 
by comparing the hydrolytic activity of normal rumen contents with the 
hydrolytic activity of rumen contents which had been boiled for one hr. 
It was calculated that 60% of the esterified fatty acids was liberated 
in flasks which contained normal rumen fluid, while no lipolysis occurred 
in flasks to which boiled rumen fluid was added. Carton et (1958) 
examined the digesta in various parts of the gastro-intestinal tract and 
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found that 80-90% of the lipid in the rumen, abomasum, and upper part of 
the small intestine were in the form of higher free fatty acids. These 
workers also found that saliva, which is one of the main constituents of 
the liquid phase of the rumen contents, demonstrated no lipolytic activity 
toward linseed oil. 
Garton et al. (1961) reported that the glyceride of linseed oil 
was hydrolyzed to the extent of 95% by sheep rumen contents. No mono-
glycerides or diglycerides were found during hydrolysis of triglycerides, 
and no specificity toward the alpha- or beta-positions of the glyceride 
molecule was shown, indicating that the microbial enzymatic system in­
volved is similar to lipoprotein lipase rather than pancreatic lipase. 
These workers concluded that the lypolytic activity is primarily of a 
bacterial nature. 
Garton et aX. (1961) and Hawke and Robertson (1964) have shown that 
hydrogénation of unsaturated fatty acids of glycerides occurs more rapidly 
after lipolysis than when they are in glyceride combination, although some 
degree of hydrogénation occurs before hydrolysis. 
Almost 50% of the glycerol which is released as a result of glyceride 
hydrolysis is converted to propionic acid by rumen microorganisms, while 
the remainder may be absorbed directly through the rumen wall or absorbed 
further down the tract (Garton (1959)). 
Results of work by Czerkawski et al. (1966) indicate that, in addi­
tion to being a source of energy, the unsaturated fatty acids consumed by 
ruminants may increase the efficiency of energy utilization. These 
workers found that infusion of oleic, linoleic, or linolenic acid into 
the rumen of sheep fed a diet of dried grass caused a decrease in methane 
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production by rumen microorganisms. The heat of combustion of the feces 
increased by 12.6 kcal/lOO kcal fatty acid infused, while the decreases 
in methane production in kcal/lOO kcal fatty acid infused were 13.8, 
14.2, and 16.4 for oleic, linoleic, and linolenic acid, respectively. 
Because the depression of methane production due to fatty acid infusion 
exceeded the increase in the heat of combustion of the feces, the mean 
metabolizable energy of the fatty acids was 104.1% of their heat of 
combustion. 
Czerkawski et (1966) point out that methane production as a 
result of CO2 reduction in the rumen is a wasteful process, and suggest 
that the unsaturated fatty acids serve as alternate hydrogen acceptors 
in rumen fermentation. However, since the fall in methane production in 
their experiments was considerably greater than that expected even assum­
ing that all three double bonds of linolenic acid had been hydrogenated, 
these authors concluded that the unsaturated fatty acids also have a 
depressing effect on the methanogenic organisms in the gut. 
Little is known about the fate- of dietary lipids beyond the rumen. 
It has been generally assumed that the long-chain fatty acids pass to the 
lower digestive tract where they are absorbed in the same manner as occurs 
in non-ruminant animals. For a comprehensive discussion of the intestinal 
absorption of fats in non-ruminants, see the review by Senior (1964). The 
data from several reports, however, have suggested that higher fatty acids 
may be absorbed directly from the rumen. Using goats whose forestomachs 
were separated from the abomasum to determine the extent of digestion in 
the upper gut, Kameoka and Morimoto (1959) found that in animals fed 
roughage alone, 61.9 to 73.2% of digestible ether-extract disappeared 
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from the forestomach. In animals fed concentrates and hay, smaller 
amounts (-2,9 to 28.8%) were absorbed from the forestomach. 
Indirect evidence for the absorption of myristic acid directly from 
the rumen has been reported by Erwin e^ al. (1963). Using sheep fitted 
with rumen fistulae or abomasal fistulae, they found that the digesti­
bility of methyl myristate infused into the abomasum was 69%, compared 
to 94% when infused directly into the rumen. To explain this difference 
in digestibility, the authors postulated that the esterase activity in 
the intestine alone was not sufficient to free the myristic acid and that 
the added lipase activity of the rumen microflora was necessary for maxi­
mum absorption. The proportions of myristic acid increased 8-fold in the 
liver and 4-fold in adipose tissue in sheep administered methyl myristate 
in the rumen. When this compound was infused into the abomasum, the liver 
concentration increased 3.6-fold and the adipose tissue level increased 
only 1.2-fold. The greater deposition of myristic acid in the tissues 
when methyl myristate was administered in the rumen rather than the aboma­
sum may have been due to absorption of myristate directly from the rumen. 
However, neither these results nor those reported by Kameoka and Morimoto 
(1959) provide direct evidence of absorption of long-chain fatty acids 
from the rumen. 
In a preliminary study, McCarthy (1962) drenched a goat with a solu­
tion containing labeled long-chain fatty acids. At slaughter, 8 hr 
later, only 11% of the activity remained in the digestive tract, 81% of 
which was in the rumen. Blood samples showed considerable activity at 
1 hr, with 62% of the total blood activity appearing in the free fatty 
acid fraction and 22% in the triglyceride fraction of the blood lipid. 
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While these results indicate direct absorption of long-chain fatty acids 
from the rumen into the blood, it is not possible to determine the physio­
logical significance of this phenomenon, since the author did not indicate 
the amount of isotope administered to the animal, nor the percentage of 
the initial dose which appeared in the blood. 
In the first of two rumen perfusion experiments in which potassium 
palmitate-l-^^C was added to the normal rumen contents, McCarthy (1962) 
found that the lipid extracted from the perfusate at the end of the 30 min 
study contained a small amount of radioactivity. However, the rate of per­
fusate flow was very slow and the experiment was considered unsatisfactory 
by the experimenter. Blood flow rate was considered excellent in the sec­
ond rumen perfusion study, and the radioactivity of the lipid extracted 
from the perfusate was greater than in the first perfusion study. Never­
theless, the author concluded that the rumen perfusion technique was not 
a suitable means of studying the absorption of long-chain fatty acids from 
the rumen. 
McCarthy (1962) conducted three further experiments in which various 
forms of palmitic acid-l-^^C were added to the rumen contents, and blood 
samples were simultaneously drawn from the carotid artery and the right 
ruminai vein of anesthetized goats. In these experiments, a single blood 
sample was drawn from each vessel within 60 min after addition of the iso­
tope to the rumen. Radioactivity appeared in the blood, primarily in the 
free fatty acid fraction, regardless of whether the isotope was added in 
the form of free palmitic acid, potassium palmitate, or tripalmitin. Al­
though the results of these studies by McCarthy (1962) indicate that long-
chain fatty acids can enter the blood directly from the rumen, it is again 
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impossible to assess the physiological importance of the phenomenon, 
since the author did not state the percentage of the total radioisotope 
dose which appeared in the blood during any of the experiments, nor was 
sufficient data presented to enable the reader to make an accurate esti­
mate of this percentage. 
Wood et al. (1963) placed linoleic acid-l-^^C in the rumen of four 
sheep with ligated reticulo-omasal orifices to study the metabolism of 
long-chain fatty acids vivo. Radioactivity appeared in the jugular 
blood about 4 hr after dosing and increased rapidly between the 8th and 
12th hr. Most of the activity appeared in the non-steam distillable 
fraction of the blood, indicating that the compound absorbed from the 
rumen contained 10 or more carbon atoms. About 0.5% of the activity 
appeared in the rumen mucosa and muscularis when the animals were slaugh­
tered or died 34-50 hr after administration of the isotope. Activity 
also appeared in the liver, lungs, kidneys, spleen, and perinephric fat. 
Of the total dose, about 1% was degraded in the rumen. Eighty-five to 
96% of the total dose was recovered from the rumen, of which only 3-6% 
was the original linoleic acid. However, the validity of these results 
may be questioned in view of the highly abnormal physiological state of 
the animals after surgery. None of the animals with ligated reticulo-
omasal orifices ate or drank during the experiment. Rumen motility was 
very likely stopped during this period, and since the solution containing 
the isotope was administered by direct injection through the rumen wall, 
mixing within the rumen was probably minimal and much of the linoleic 
acid-l-^^C may not have been exposed to the absorptive surface of the 
rumen. The validity of absorption studies with this technique depends 
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on the ability of the ligated reticulo-omasal orifice to prevent rumen 
ingesta from passing into the lower digestive tract. Data from two 
sheep were not used in these studies because some radioactive ingesta 
appeared in the omasal contents. Absorption data from the remaining 
two sheep were considered valid by the authors, but these sheep died 
34 and 41 hr after the beginning of the experiment. It seems unlikely 
that the digestive and metabolic processes in these animals were normal. 
The conversion of straight-chain saturated hydrocarbons, octadecane-
1-^^C and hexadecane-l-^^C, directly to fatty acids of the same length 
was demonstrated in studies by McCarthy (1964). When the labeled hydro­
carbons were added to normal rumen contents at the beginning of a rumen 
perfusion study, substantial amounts of radioactivity appeared in the 
blood perfusate, but only in the form of fatty acids and not in that of 
the added hydrocarbons. Neither free fatty acids in the rumen contents 
nor hydrocarbons in the blood were radioactive, suggesting that the con­
version to fatty acid occurred within the rumen wall during absorption. 
In a subsequent study, McCarthy (1964) intravenously injected octadecane-
l-l^C into a mature goat, and noted a decrease in the ^^C content of 
blood hydrocarbons accompanied by a corresponding increase of radioactiv­
ity in the fatty acid fraction. Tissue analyses indicated that the liver 
was the major site for conversion of hydrocarbons to fatty acids when 
the rumen was bypassed. 
In none of the experiments described above was it possible to examine 
the role of the lymphatic system in the absorption of long-chain fatty acids 
directly from the rumen, although the results obtained by Wood ^  al. (1963) 
and Erwin et al. (1963), and the vivo trials of McCarthy (1962) are 
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compatible with the phenomenon of direct absorption of the higher acids 
via the lymph. Reports in the literature, however, indicate that the 
lipids in thoracic duct lymph enter primarily by way of intestinal 
absorption. 
Felinski et al. (1964) used sheep with cannulated intestinal, 
thoracic, or cervical lymph ducts to study the origin of lymph lipids. 
They reported that thoracic duct lymph contained much more lipid than 
did cervical duct lymph, and that this lipid originated in the lymph 
draining into the thoracic duct via the intestinal lymph duct. Heath 
and Morris (1962) reported that when tripalmitin-^'^C was injected into 
the abomasum or duodenum of lambs, most of the absorbed radioactivity 
was recovered in the intestinal lymph duct. Injection of tripalmitin-^^C 
into the abomasum or duodenum of sheep with chronic lymphatic fistulae 
resulted in the appearance of radioactivity in the lymph within 1 hr, and 
most of the activity was recovered in the lymph during the first 6 hr. 
When radioactive tripalmitin was injected directly into the rumen of 
adult sheep, no activity appeared in the thoracic duct for 3 hr, and 
maximum activity in the lymph was not reached for 22 hr. The results of 
Felinski e^ (1964) and Heath and Morris (1962) indicate that if long-
chain fatty acids are absorbed from the rumen via the lymphatics, the 
rate is relatively low in comparison to absorption from the intestine. 
The two groups of workers just mentioned studied the assimilation 
of lipid in the small intestine of sheep by examining the composition of 
lymph lipids. Felinski e_t (1964) reported that triglycerides consti­
tuted the major lipid component (80%) of the thoracic duct and intestinal 
duct lymph. These triglycerides were characterized by a high proportion 
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of stearic acid which the authors stated was probably produced by rumen 
microbial hydrogénation of unsaturated 18-carbon fatty acids present in 
the feed lipids. Phospholipids accounted for 16% and cholesterol esters 
for 2.3% of the total lymph lipids, while the remainder consisted of 0.9% 
each of free cholesterol, free fatty acids, and hydrocarbons. These 
workers concluded that the proportion of each lipid class in thoracic 
duct lymph of sheep is similar to that found in the chyle lipids of non-
ruminant animals. Heath and Morris (1962) found that when tripalmitin-^^G 
was injected into the abomasum or duodenum of sheep, more than 90% of the 
activity in the lymph was present as neutral glycerides, while an average 
of 1.2 and 3.6% of the total activity was recovered in the phospholipid 
and free fatty acid fractions, respectively. 
A comparison of the results obtained by Felinski et (1964) with 
those of Heath and Morris (1962) suggests that the phospholipids in the 
lymph are largely of endogenous origin, and play only a minor role in the 
transport of lipid from the intestine by this route. This is in- agreement 
with data reported by Rampone (1960), who found that phospholipids do not 
serve as important vehicles for fatty acid transport in the lymph of dogs. 
Rampone (1960) also found that whether lipids were fed as free fatty acids 
or as triglycerides to dogs, 85% or more of the fatty acids recovered in 
the lymph was in the triglyceride form. 
Hartmann and Lascelles (1966) studied the flow and lipid composition 
of thoracic duct lymph in grazing cows. They reported that 68% of the 
lymph lipids was in the triglyceride form and 20% was in the phospho­
lipid fraction, while cholesterol esters, free cholesterol, and free fatty 
acids represented 7.9, 1.9, and 1.5%, respectively. These workers noted a 
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high positive correlation between the concentration of triglycerides 
and phospholipids in the lymph of the cow, as well as in the sheep 
(Felinski et (1964) and Heath and Morris (1962)). They concluded 
that this indicates the importance of phospholipids in stabilizing the 
chylomicron triglycerides in the lymph. 
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EXPERIMENTAL 
In Vitro Metabolic Activity with Unlabeled Substrates 
Procedure 
Animals Ten nonpregnant, nonlactating Holstein females, 9 to 11 
months of age, were randomly allotted to one of two treatment groups. 
All animals were fed 6.8 kg of mixed legume hay per day and were allowed 
to consume water and a mineral supplement a^ lib, beginning at least 5 
months prior to the time of sacrifice. Animals in one group remained on 
this ration until sacrificed. In an attempt to induce ketosis in animals 
in the second group, hay and mineral supplement were withheld for 8 days 
prior to sacrifice. Jugular blood samples were obtained from all animals 
1, 2, 4, 6, and 8 days preceding sacrifice and analyzed for total blood 
ketones and blood glucose. All animals were 14 to 17 months of age and 
weighed 236 to 358 kg at the time of sacrifice. 
Collection of tissue Animals were killed at the Iowa State Uni­
versity meat laboratory by stunning and bleeding, and the gastro-intestinal 
tract was removed immediately. The cranial sac of the rumen was removed, 
quickly rinsed in warm tap water to remove adherent ingesta and micro­
organisms, immersed in 39°C Krebs-Ringer bicarbonate solution buffered at 
pH 7.2, and taken to the laboratory. All Krebs-Ringer bicarbonate solu­
tion was gassed with a mixture of O2 and CO2 (95:5) for 15 min before use. 
The mucosa was placed in a pan containing 39°C Krebs-Ringer bicarbonate 
solution, fastened to a small board by means of a large spring clamp, and 
the papillae were shaved from the mucosa with a modified safety razor. 
All the papillary tissue was pooled and thoroughly mixed before being 
blotted gently and separated into portions for addition to the incubation 
flasks. 
Incubation The Incubation procedures closely resembled those used 
previously in this laboratory by Sutton (1962) and by Hodson (1965). 
Approximately 2-g portions of papillary tissue were weighed and added to 
20 ml of incubation medium in 50-ml Erlenmeyer flasks. The remainder of 
the tissue was dried at 108°C for subsequent nitrogen analysis. 
The incubation medium was a Krebs-Ringer bicarbonate solution, pH 
1 7.2, containing 5% bovine serum albumin fraction V powder and 20 micro-
moles of substrate. The substrates were lauric, myristic, palmitic, 
2 
stearic, oleic, and linoleic acids. The fatty acids were weighed, 
placed in 50-ml Erlenmeyer flasks, dissolved in 3-4 ml of 95% ethanol, 
and, after addition of 1 drop of phenolphthalein indicator, were titrated 
slightly past neutrality with 0.1 N KOH. The flasks were then placed in 
a 55°C water bath and the ethanol was evaporated under a nitrogen purge. 
Thirty ml of 5% bovine serum albumin in Krebs-Ringer bicarbonate solution 
were added to the dry residue, and the flasks were swirled until the resi­
due had completely dissolved. It was usually necessary to treat the pal­
mitic and stearic acid preparations with an ultrasonic disintegrating 
O 
device (hereafter called a sonicator for brevity) for 2-3 min to achieve 
complete solution. The solution was then made to a volume of 50 ml with 
57o bovine serum albumin in Krebs-Ringer bicarbonate and stored in the 
^Nutritional Biochemicals Corporation, Cleveland, Ohio. 
2 Applied Science Laboratories, Inc., State College, Pennsylvania. 
^Branson Instruments, Inc., Stamford, Connecticut. 
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refrigerator overnight. Preliminary investigations showed that fatty 
acid concentrations of 20, 10, and 5 micromoles per ml of incubation 
medium depressed metabolic activity below that observed with the 1 
micromole/ml used in this study. 
As a result of other preliminary investigations, it was found that 
Tween 20 (polyoxyethylane sorbitan monolaurate), Tween 80 (polyoxyethyl-
ene sorbitan monooleate), bovine serum albumin from another source, and 
a soybean oil emulsifier containing 3.8 g casein, 2.9 g anhydrous sodium 
carbonate, 220 ml 95% ethanol, and 500 ml water, as prepared by Johnson 
(1959), were all unsatisfactory as emulsifying agents for the fatty acids. 
A tissue control, consisting of 5% bovine serum albumin in Krebs-
Ringer bicarbonate solution with no added substrate was incubated in each 
trial. Tissue was incubated in duplicate in each substrate medium and in 
the control medium. Preliminary investigations showed no notable differ­
ence in ketone production from tissue controls incubated in Krebs-Ringer 
bicarbonate solution as compared to tissue controls incubated in 5% bovine 
serum albumin in Krebs-Ringer bicarbonate solution. The incubation flasks 
were shaken for 3 hr at 105 strokes/min under a 95:5 atmosphere of 02:C02 
in a Dubnoff incubator-shaker. 
Incubation was started within 43-55 min after sacrifice of the 
animals. 
Analytical techniques At the end of the 3 hr incubation period, 
the papillae were removed from the incubation media by filtering through 
Gooch crucibles into 50-ml volumetric flasks. The tissue was rinsed with 
ion-free water and the washings were added to the filtrate, which was then 
made to volume. In all trials the media were analyzed for ketone bodies 
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and residual long-chain fatty acids. Analyses on the ketone bodies were 
performed in quadruplicate and results expressed in micromoles of ketone 
produced per 100 mg of dry tissue nitrogen. Residual long-chain fatty 
acid analyses were performed in duplicate. 
The papillary tissue was dried to constant weight at 108"C to deter­
mine the dry tissue weight in each incubation flask. The nitrogen content 
of the tissue in each incubation flask could not be determined since the 
bovine serum albumin from the incubation medium adhering to the tissue 
would have resulted in erroneously high dry tissue nitrogen values. The 
tissue in excess of that needed for incubation was dried at 108®C and 
analyzed for nitrogen. 
Ketone bodies Acetone plus acetoacetate and p-hydroxybutyrate 
were measured by the technique of Re id (1960) as modified by Sutton e_t al. 
(1963) in protein-free filtrates prepared according to Somogyi (1945). 
Tissue nitrogen Nitrogen determinations were carried out in 
triplicate on tissue samples from each animal by the macro-Kjeldahl 
method (AOAC (1955)). 
Residual long-chain fatty acids Residual levels of long-chain 
fatty acids in the incubation media were determined by the extraction, 
saponification, titration method of van de Kamer et (1949) as 
modified by Bryant (1963). 
Blood glucose and ketone bodies Blood glucose and ketone body 
levels were determined in protein-free filtrates prepared according to 
Somogyi (1945). Glucose was determined by the glucose oxidase method^ 
^Procedure and reagents acquired from Worthington Biochemical 
Corporation, Freehold, New Jersey. 
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and blood ketones were analyzed as described above for.the incubation 
medium. 
Experimental design The trial was designed and analyzed as a 
simple split-plot experiment according to Cochran and Cox (1957) with 
five replications. The animal treatments (control and fasted) were 
the "whole-unit" treatments, while the incubation media (control and 
six fatty acid substrates) were the "sub-unit" treatments. 
Results and discussion 
Effect of animal treatment on blood glucose and ketones and tissue 
nitrogen levels The effect of fasting on blood glucose and blood 
ketone values is illustrated in Figure 1. Glucose and ketone values 
of the initial and final blood samples, as well as dry tissue nitrogen 
values for control and fasted animals are given in Table 1. Fasting 
had no significant effect on blood glucose levels but caused a signif­
icant (P < 0.05) increase in blood ketone levels. None of the fasted 
animals exhibited any clinical symptoms of ketosis and were not judged 
to be ketotic according to the criteria used by Jackson et ^l. (1964), 
who considered only animals with blood ketone levels above 20 mg % as 
being clearly ketotic. The failure to induce a marked elevation in blood 
ketone levels during a prolonged fast has been observed by other workers. 
While the experiment described herein was in progress, Jackson et al. 
(1966) reported the results of studies conducted to induce clinical 
signs of ketosis, including hyperketonemia and hypoglycemia, in non­
pregnant ewes by experimental techniques. They found that fasting caused 
an initial decrease in blood glucose, but relatively little change during 
Figure 1. Effect of fasting on blood glucose and blood ketone levels 
in five animals fed up to the time of sacrifice (control) 
and in five animals from which feed was withheld for 8 days 
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Table 1. Initial and final blood glucose and blood ketone values, and dry tissue nitrogen values, 
for control and fasted animals in the experiment to measure in vitro metabolic activity 
using unlabeled substrates 
Animal 
treatment 
Blood glucose (mg Blood ketones (mg 
Day S*- Day 1"- Day 8' Day 1^ 
Dry tissue nitrogen^ 




35.1 + 2.0 34.6 +3.2 
34.3 + 2. 31.4 +2.7 
2.0 + 0.2 2.4 + 0.2' 
2.2 + 0.2 8.7 + 2.4 
13.87 + .19 
14.29 + .04 
^Each value is the mean and standard error of determinations from five heifers except 
where noted. 
^Jugular blood. 
^Day preceding slaughter. 
^Mean and standard error of determinations from four heifers. 
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the last 7 days of a 10-day fast. Blood ketone levels averaged 1.7 mg % 
at the beginning of the fast period, and did not rise above 2.8 mg % at 
any time during the 10-day fast. No clinical effects, other than weight 
loss, were observed. However, when these workers administered the gly­
coside phlorizin, which prevents renal tubular reabsorption of glucose, 
to fasted, nonpregnant ewes, there was a rapid development of hypoglycemia 
and hyperketonemia. Blood glucose values decreased from 45 mg % at the 
beginning of the fast to 24 mg % on the 10th day of fasting, while blood 
ketone values increased from 1.8 mg % to 23,6 mg % over the 10-day fasting 
period. Blood ketone values remained above 20 mg % after the 6th day of 
fasting. Therefore, it appears that phlorizin must be administered in 
conjunction with fasting to induce a ketotic-like condition in nonpregnant 
ruminant animals. 
The percentage of nitrogen in the dried rumen papillae from fasted 
animals was higher than in control animals (Table 1). This difference 
was significant (P < 0.10) and approached significance at the 5% level 
of probability on the basis of Student's t^test. This is in contrast 
to the results reported by Jackson et aJL. (1964), in which rumen epi­
thelium from normal nonpregnant ewes contained 15.1% nitrogen compared 
to 13.0% nitrogen in tissue from ketotic pregnant sheep. Due to large 
variation within groups of animals, the differences reported by Jackson 
et al. (1964) were not statistically significant. It seems likely that 
some of the glycogen and lipid in the papillary tissue was mobilized 
during fasting, resulting in the dry tissue from fasted animals contain­
ing a higher percentage of nitrogen than dry tissue from the control 
animals in the present experiment. 
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Formation of ketone bodies from long-chain fatty acids by bovine 
rumen mucosa Results on ketone body formation in vitro (Table 2) 
are expressed on the basis of tissue nitrogen content, which probably 
represents the amount of metabolically active tissue more accurately 
than does dry tissue weight. Although the incubation media were ana­
lyzed for acetone plus acetoacetate and p-hydroxybutyrate by the tech­
nique of Re id (1960) as modified by Sutton et al. (1963), the results 
in Table 2 are expressed in terms of total ketones, since the p-hydroxy-
butyrate fraction usually amounted to less than 10% of the total ketone 
body production. Values for ketone formation by tissue in the presence 
of added fatty acids were corrected for the amount of ketones formed in 
the corresponding tissue controls which were incubated for each animal. 
Endogenous ketone production, as shown in Table 2, was greater in 
the tissue from control animals than from fasted animals. This is in 
contrast to the results obtained by Jackson et al. (1964), who reported 
that endogenous production of ketones in rumen epithelium was increased 
significantly in tissue from ketotic animals. A possible explanation 
for this difference could be that the overall metabolic activity of the 
rumen mucosal tissue was depressed by fasting. Studies by Blaxter and 
Wainman (1966), demonstrating that CO2 production and O2 consumption 
decreased in steers during fasting periods of either 112 or 136 hr 
duration, suggest this possibility. Data reported by Roe et al. (1966) 
also indicate a decreased activity of the ketogenic enzyme systems 
during the early stages of fasting. They found a decrease in ketone 
levels within the portal vein during fasting in both pregnant and non­
pregnant ewes, but blood ketone levels increased rapidly when the fasted. 
Table 2. Effect of long-chain fatty acid substrates on ketone body production by bovine rumen 
mucosa in vitro 
^18:2 
Total ketone bodies produced'^''® Mean 
Control 31.4 4.70 3.36 3.65 2.02 2.13 0.07 2.66 
Fasted 23.4 5.88 5.32 6.01 4.94 6.09 3.05 5.22 
^Subscript numbers indicate the number of carbon atoms and the number of double bonds, respec­
tively, in the fatty acid substrates. 
^Mean endogenous ketone production in tissue control from five animals in each group; values 
representing ketone production from each substrate were corrected for endogenous ketone production 
on a per animal basis. 
^Micromoles/(100 mg dry tissue nitrogen x 3 hr). 
^Each value is the mean from five animals. 
^Values which are not underscored by the same line are significantly different (P < 0.05) 
according to Duncan's new multiple range test. 
Substrate® 
Animal ^ 
treatment None ^12:0 *^14:0 *^16:0 ^18:0 *^18:1 
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pregnant ewe developed ketosis. The lower rate of endogenous ketone 
production by heifers in the present experiment may be due in part to 
the fact that the fasted animals were only mildly ketotic, with a mean 
blood ketone level of 8.7 mg %, whereas the fasted, pregnant ewes in the 
studies by Jackson et (1964) were clearly ketotic, having blood ke­
tone levels in excess of 20 mg %. 
Statistical analysis of the ketone production data according to the 
split-plot design is presented in Table 3. Tissue from the fasted ani­
mals produced ketone bodies from long-chain fatty acids at an average 
rate of 5.22 micromoles/(100 mg dry tissue nitrogen x 3 hr), which was 
significantly faster (P < 0.01) than the average rate of 2.66 micro-
moles/ (100 mg dry tissue nitrogen x 3 hr) by tissue from control animals. 
Table 3. Statistical analysis of the comparison of ketone production 
between whole-plot treatment (control vs fasted animals) and 
among the various sub-plot treatments (long-chain fatty acids) 
according to the split-plot design; whole-plot treatment anal­
ysis was handled as a completely random design 
Analysis of variance 
Source df M.S. F-value 
Whole-units 
Treatments (control vs fasted) 1 98.30 22.5** 
Error (a) 8 4.36 
Subunits 
Substrate 5 17.40 6.15 
Treatment x substrate 5 2.26 .80^® 
Error (b) 40 2.83 
**P < 0.01. 
^^Nbt significant. 
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The significant F-value for substrates under subunits in Table 3 
indicates that there was a difference in the rate at which the various 
long-chain fatty acids were converted to ketones. However, analysis of 
these data by Duncan's multiple range test indicates that only the metab­
olism of linoleate was significantly less rapid than that of the saturated 
fatty acids containing 12, 14, and 16 carbon atoms in tissue from control 
animals (Table 2). Other significant differences probably would have been 
shown if more animals had been used, since there were relatively wide vari­
ations in the response of tissue from individual animals to the fatty acid 
substrates. In this experiment linoleate was metabolized to a lesser de­
gree than any other substrate by both fasted and control animals, while 
Jackson et_ al. (1964) observed a higher rate of ketone body formation from 
linoleate than from oleate, palmitate, or stearate in rumen tissue from 
normal nonpregnant and normal pregnant sheep. In rumen tissue from sheep, 
Jackson ejt aj. (1964) found that the unsaturated long-chain fatty acids, 
oleate and linoleate, were associated with higher levels of ketone body 
formation than were the saturated acids, palmitate and stearate. 
Hird e^ al. (1966) found the conversion rate of long-chain fatty 
acids to ketone bodies by sheep rumen mucosa to be myristate > laurate 
> palmitate > oleate > linolenate > stearate. This closely agrees with 
the order found in the experiments reported here, as the fatty acids with 
12, 14, and 16 carbon atoms were metabolized more rapidly than the 18-
carbon fatty acids. 
In the studies conducted by Jackson e^ al^. (1964), the rate of ketone 
formation in the presence of long-chain fatty acids was severalfold greater 
than the rate of endogenous ketone formation in incubated controls. The 
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data in Table 2 show that the presence of exogenous substrates resulted 
in relatively small increases in ketone formation above endogenous rates. 
Perhaps some of the differences noted are related to the degree of ketosis 
of the pregnant sheep used by Jackson e^ al. (1964) versus that of the 
heifers used in the present experiment. In addition, the possibility of 
a species difference between the ovine and the bovine with regard to the 
metabolic rate of the ketogenic enzyme systems involved cannot be dis­
counted. 
Differences in the in vitro techniques used by Jackson £t al. (1964) 
and those used in the present study may also account for some of the dis­
similarities noted. Jackson e^ aj.. (1964) used a substrate concentration 
of 2 micromoles per ml in the incubation media, or twice that used in this 
experiment. Furthermore, they used Tween 20 as an emulsifier for the fatty 
acids. This may partly explain the high rate of ketone formation in the 
experiments with ketotic sheep, since Clark and Hubscher (1961) have re­
ported that Tween 20 inhibits the activity of phosphatidate phosphatase, 
an enzyme involved in triglyceride synthesis, by almost 90%. Inhibition 
of this enzyme could enhance ketogenesis by diverting long-chain fatty 
acids from triglyceride formation to p-oxidation and eventual conversion 
to acetoacetate and p-hydroxybutyrate. Another possibility is that of an 
interaction between the long-chain fatty acids and Tween 20 which would 
enhance ketogenesis in rumen tissue, although there is no information 
available to support or to refute such a proposal. 
Hiilsmann et al. (1960) and Bjorntorp e^ al. (1964), as well as 
others, have reported that long-chain fatty acids are capable of uncoupling 
oxidative phosphorylation. Bjorntorp et al. (1964) suggested that this 
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effect might be due to the surface-active properties of the fatty acids, 
which result in damage to the mitochondrial membrane and leakage of re­
spiratory cofactors out of the mitochondria. Replacing the cofactors, 
nicotinamide adenine dinucleotide (NAD), coenzyme A, and cytochrome c, 
restored the metabolic activity to normal. However, Bjorntorp (1956) 
found that binding these fatty acids to serum albumin, the normal carrier 
of nonesterified fatty acids in biological fluids, prevented the uncou­
pling of oxidative phosphorylation. In view of the effects of long-chain 
fatty acids on metabolic activity, and because of its effectiveness in 
carrying the fatty acids in the incubation media, bovine serum albumin 
was used in the present study in favor of several other emulsifiers. 
Uncoupling of oxidative phosphorylation in the rumen tissue of these 
studies would tend to inhibit ketogenesis from long-chain fatty acids, 
since adenosine triphosphate (ATP) is required by the thiokinase system 
which activates the fatty acids prior to p-oxidation. The fact that 
ketogenesis proceeded rapidly in the experiments of Jackson e^ al. (1964) 
might indicate that Tween 20 prevents uncoupling of oxidative phosphoryl­
ation by binding the long-chain fatty acids, similar to the effect of 
serum albumin. 
The results of these experiments indicate that ketone bodies may 
arise from the metabolism of long-chain fatty acids in the bovine rumen 
epithelium. Jackson al. (1964) have shown that the rumen wall may 
be responsible for more ketone formation than the liver in both normal 
and ketotic sheep. The physiological role of ketone bodies has been 
discussed by Krebs (1961), who pointed out that appreciable quantities 
of acetoacetate are metabolized by extrahepatic tissues, namely heart and 
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skeletal muscle. Krebs (1961) calculated that acetoacetate and p-hydroxy-
butyrate contribute over 90% of the fuel of respiration in the heart, 85% 
in the sheep kidney cortex, and 74% in the diaphragm. He also suggested 
that ketones may partially substitute as a fuel for respiration in star­
vation and diabetes. Lang and Annison (1964) examined the ability of 
various sheep tissues to oxidize p-hydroxybutyrate and found that the 
kidney, heart, and spleen were the most active, while brain, liver, and 
rumen epithelium were the least active of the tissues studied. In their 
experiments cardiac tissue oxidized p-hydroxybutyrate more rapidly than 
short-chain fatty acids, and also in preference to glucose. 
The contribution of p-hydroxybutyrate oxidation to overall CO2 out­
put by sheep has been measured by Leng and Annison (1964), who found that 
5-7% of the GO2 expired by nonpregnant animals arose from this ketone 
body. Leng (1965) reported that this was increased to 20% in the starved 
pregnant sheep with hyperketonemia or pregnancy toxemia. Leng (1965) in­
fused p-hydroxybutyrate into sheep and found a direct relationship between 
blood ketone concentration and the infusion rate up to about 10 mg % blood 
ketones, but thereafter small increases in the infusion rate were reflected 
in large increases in blood ketone levels. The author explained that as 
the blood ketone level increased, the extrahepatic enzymes capable of cat­
alyzing p-hydroxybutyrate metabolism probably became saturated. 
In view of the effects of long-chain fatty acids on tissue respiration 
and oxidative phosphorylation, Hird jet al. (1966) suggested that the metab­
olism of these compounds to ketone bodies serves several useful purposes. 
The rumen tissue is able to use the fatty acids as substrates for part of 
its energy requirements and the excess carbon atoms are available for 
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distribution to other body tissues as ketones. In this way, deleteriously 
high concentrations of fatty acids are avoided, p-hydroxybutyrate is prob­
ably also very important in the lactating dairy cow, where its role as a 
precursor in milk fat synthesis in the mammary gland has been suggested by 
Van Soest and Allen (1959) and others. 
Uptake of long-chain fatty acids by tissue during incubation 
Following incubation, there were relatively large variations in the amount 
of residual free fatty acids in the incubation media. In nearly all cases, 
the incubation media showed a gain in free fatty acids, apparently arising 
from endogenous tissue sources. Therefore, it was not possible to deter­
mine the extent to which exogenous fatty acids were taken up by the tissue 
and converted to ketones. 
In Vitro Metabolic Activity with •'•^C-Labeled Substrates 
By using ^'^C-labeled fatty acids as substrates, and employing the 
same techniques used with unlabeled substrates, it was possible to con­
clusively demonstrate that the ketone bodies were derived directly from 
the labeled fatty acids, rather than from some other substrate as a 
result of altered metabolism induced by the long-chain fatty acids. At 
the same time, it was possible to obtain an estimate of the percentage 
of substrate converted to ketone bodies. 
Procedure 
Animals Two nonpregnant, nonlactating female calves, Holstein 
6046-7, and Jersey 5822, were placed on a ration consisting of 7 kg of 
mixed legume hay and 1 kg of grain per day, beginning 2 months prior to 
sacrifice. The control animal, 6046-7, remained on this ration until 
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sacrificed, while hay and grain were withheld from 5822 beginning 8 days 
prior to sacrifice, corresponding to treatment of the fasted group in 
the earlier iji vitro experiment. This animal was inadvertently fed 7 kg 
of hay two days prior to sacrifice. Jugular blood samples were obtained 
from both animals just prior to sacrifice and analyzed for total ketone 
bodies. Animals 6046-7 and 5822 were 5 and 10 months of age, and weighed 
136 and 125 kg, respectively, at the time of sacrifice. 
Collection of tissue Rumen mucosal tissue was obtained in the 
same manner as described previously. The animals were killed at the 
Iowa State University dairy nutrition laboratory, where the incubation 
was started within 25 min of the time of sacrifice. 
Incubation The incubation procedures were the same as those 
employed in the earlier ^  vitro experiment using unlabeled fatty acids. 
The substrates in this experiment were palmitic and oleic acids prepared 
as described previously. Palmitic acid-l-^^C and oleic acid-l-^^C bound 
to bovine serum albumin were added before the substrate solutions were 
made to final volume. 
The albumin-bound labeled fatty acids were prepared as described 
later in the section on in vivo metabolic activity using labeled sub­
strates (p. 66). The level of radioactivity in each substrate solution 
was determined by placing four 1-ml samples of each solution in separate 
scintillation vials, after which the samples were frozen and dried in a 
Virtis freeze-dryer, and 125 microliters of water were added to the dry 
residue. To each vial was then added 1 ml of NCS^, a solubilizer for 
^Nuclear Chicago Corporation, Chicago, Illinois. 
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biological tissues, and the samples were digested in a 50®C water bath 
for 2 hr. After digestion, 15 ml of toluene scintillation fluid^ were 
added to each vial and counting was done in a Packard Model 3002 Tri-Carb 
Scintillation Spectrometer, After triplicate 10-min counts on each sam­
ple, 1 ml of toluene-^^C containing 4,310 disintegrations per minute (dpm) 
per ml was added to each vial, two 10-min counts were made, and counting 
efficiency was determined. The palmitic acid-l-^^C substrate solution 
contained 50.0 millimicrocuries per ml and the oleic acid-l-^^C substrate 
solution contained 57,4 millimicrocuries per ml. 
Each substrate was incubated with tissue in duplicate. In addition, 
duplicate substrate controls, without added tissue, were incubated in 
each trial. Tissue controls, which were incubated in the experiment 
using unlabeled substrates, were not incubated in this experiment. 
Analytical techniques At the end of the 3 hr incubation period, 
the papillae were removed from the incubation media by filtering through 
Gooch crucibles into 50-ml volumetric flasks. The tissue was rinsed with 
ion-free water and the washings were added to the filtrate, which was then 
made to volume. To 4 ml of the filtrate was added 8 ml each of 0.3 N Ba 
(OH)2 and 5% ZnSO^ to precipitate protein according to the technique of 
Somogyi (1945). Following centrifugation, the supernatant fluid was de­
canted into a 25-ml volumetric flask and made to volume. Duplicate 5-ml 
samples of the supernatant fluid were then distilled to separate acetone 
plus acetoacetate from p-hydroxybutyrate by the technique of Reid (1960). 
^5 g/liter 2,5-diphenyloxazole (PPO), 0.3 g/liter l,4-bis-2-
(5-phenyloxazolyl)-benzene (POPOP) in toluene (reagent grade). 
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To 3 ml of the distillate in a 25-ml glass scintillation vial were added 
20 ml of scintillation fluid.^ Three 10-min counts were made on each 
vial with a Packard Model 3002 Tri-Carb Scintillation Spectrometer. 
All counts were converted to dpm by correcting for counting efficiency, 
which was determined by making triplicate 10-min counts on each of three 
toluene-^^C samples in the scintillation fluid used for ketone analysis. 
Average counting efficiency for the three samples was 67.0% with a range 
of 66.8 - 67.4% 
Total radioactivity was corrected for losses in distillation by 
determining recovery of acetone plus acetoacetate and p-hydroxybutyrate 
by the color development technique of Reid (1960) as modified by Sutton 
et al. (1963). Recovery rates ranged from 80-81% for acetone and 45-50% 
for p-hydroxybutyrate. Radioactivity values in the distillate from the 
tissue + substrate flasks were corrected for the small amount of activity 
that was found in the distillate from the incubated substrate control 
flasks. 
The papillary tissue was dried to constant weight at 108°C to 
determine the dry tissue weight in each incubation flask. The average 
dry tissue nitrogen percentages determined for the control and fasted 
groups, respectively, in the earlier in vitro experiment, were used to 
determine the dry tissue nitrogen values for 6046-7 and 5822 in this 
experiment. 
^7 g/liter PPO, 0.3 g/liter POPOP, and 100 g/liter naphthalene in 
1,4-dioxane (reagent grade). 
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Results and discussion 
Blood ketone values on the day of slaughter for the two animals in 
this experiment are compared with values from the earlier experiment in 
Table 4. Due to a shortage of time, and in view of the relatively small 
variation in blood glucose and blood ketone values among animals in the 
earlier experiment, as well as the nonsignificant effect of fasting on 
blood glucose concentration, blood samples were obtained only on the day 
of slaughter in this experiment, and were not analyzed for glucose con­
centration. The blood ketone level of 2.2 mg % in the control animal of 
this experiment, 6046-7, compares closely with the average value of 2.4 
mg % obtained in the earlier experiment. However, the blood ketone level 
of 4.9 mg % in the fasted animal, 5822, was lower than the value obtained 
for any of the five fasted animals on the day prior to slaughter in the 
experiment where unlabeled substrates were used. This was probably due 
to the fact that the fasted animal in this experiment was inadvertantly 
fed 7 kg of hay about 48 hr prior to slaughter, and had consumed nearly 
all of the hay before this error was discovered. The ingestion of hay 
so near to the time of slaughter may have offset some of the metabolic 
effects of fasting, although the ketone production rate from the long-
chain fatty acids during incubation was considerably faster in tissue 
from the fasted animal than from the control animal, as shown in Table 5. 
A comparison of the ketone production rates, as well as of the percentage 
of substrate converted to ketones, in control versus fasted animals in 
this experiment and in the earlier experiment is also made in Table 5. 
Only data for palmitate and oleate are presented from the experiment 
using unlabeled fatty acid substrates, as these were the only labeled 
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Table 4. Final blood ketone values for control and fasted animals in 
experiments using unlabeled and labeled substrates to 
measure vitro conversion of long-chain fatty acids to 
ketone bodies 
Animal Experiment with Experiment with 
treatment unlabeled substrates^ ^^G-labeled substrates 
Blood ketones (mg %)^ 
Control 2.4 2,2 
Fasted 8.7 4.9 
^Each value is the mean from five animals; blood samples were 
obtained on the day preceding slaughter. 
^Each valu-e.is from one animal; blood samples were obtained 5 min 
prior to slaughter. 
^Jugular blood. 
acids used in the second experiment. 
The rate of conversion of long-chain fatty acids to ketone bodies 
in tissue from the control animal, 6046-7, and the fasted animal, 5822, 
was lower than the rates obtained with unlabeled substrates in animals 
on the corresponding treatments in the previous study. The differences 
were not great, however, and may be due to one or a combination of several 
factors. The animals in the second experiment received some grain, which 
is known to enhance rumen propionic acid formation, while animals in the 
first experiment received no grain. The antiketogenic effect of propion­
ate in rumen tissue, which was demonstrated by Pennington and Sutherland 
Table 5. A comparison of ketone production rates and percentage of substrate converted to ketones 
by control versus fasted animals in experiments in which unlabeled and labeled fatty 
acid substrates were used 
Ketone production^ 
% of substrate 












^16:0 3.65 1.48 2.66 1.08 
^18:1 2.13 1.40 1.37 0.90 
Fasted 
^16:0 5.01 4.76 4.60 3.64 
^18:1 6.09 3.16 3.93 2.04 
^icromoles ketone/(100 mg dry tissue nitrogen x 3 hr). 
^Each value is the mean of determinations from five animals. 
^Each value is from one animal. 
(1956) and by Van Soest and Allen (1959) as well as others, may account 
for the lower ketone production in rumen tissue, especially in the con­
trol animal. As was mentioned previously, the accidental feeding of the 
fasted animal 2 days prior to slaughter could very well have decreased 
the ketogenic activity of the papillary tissue somewhat in this animal. 
Other factors, which are probably of less importance, include the fact 
that the animals in the first experiment were 5 to 10 months older than 
animals in the present experiment, where ^'^C-labeled substrates were used. 
A seasonal effect might also be involved, since the experiment conducted 
using unlabeled substrates was carried out during June, July, and August, 
while the studies with radioactive fatty acids were made in January. 
The present experiments do not rule out the possibility that the 
presence of long-chain fatty acids in the incubation media cause an in­
creased ketogenicity from substrates other than the fatty acids. It 
seems likely, however, that the lower ketone production rates in the 
experiments using labeled substrates are due primarily to the effect of 
grain feeding in the case of the control animal, and the accidental 
feeding of the fasted animal on the second day preceding slaughter. The 
results obtained in the second experiment, while only of a preliminary 
nature, clearly demonstrate that ketone bodies were derived directly 
from the long-chain fatty acids in bovine rumen epithelial tissue. At 
the same time, the use of radioactive fatty acids made it possible to 
obtain an estimate of the percentage of substrate converted to ketone 
bodies. The use of radioactive substrates in further studies of this 
type would undoubtedly result in more meaningful and conclusive data 
than the use of unlabeled substrates. 
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In spite of the evidence here, and evidence presented by Jackson 
et al. (1964) and Hird et (1956), that long-chain fatty acids can 
be converted to ketones in rumen mucosal tissue, it is difficult to 
assess the physiological significance of this phenomenon in the intact 
animal. The increased level of plasma free fatty acids during fasting 
has been suggested as being a favorable condition for increased ketone 
production from these acids by rumen tissue. Yet, the effect of alter­
ing the incubation medium concentration of long-chain fatty acid on the 
rate of ketone formation was not studied in any of the reports cited. 
Furthermore, the rumen tissue, which was treated as an independent sys­
tem vitro, is not such vivo, since blood and lymph flow through 
the tissue supplies new substrate and removes metabolic products con­
tinuously. The accumulation of metabolites during ^  vitro studies 
probably affects the rate of reactions involved in their production. 
Likewise, it is not known whether the long-chain fatty acids which are 
converted to ketones by rumen tissue are derived primarily from the 
blood bathing the rumen, or are available for metabolism as a result 
of absorption directly from the rumen contents. Quantitative evalu­
ation of the physiological importance of ketogenesis in the rumen wall 
utilizing long-chain fatty acids as substrates will require studies 
with animals equipped for measuring blood flow in the portal vein, and 
also for determining arterio-venous concentration differences for vari­
ous metabolites. The unsolved problems mentioned above are certainly 
worthy of further study, in view of the serious economic losses encoun­
tered by livestock producers as a result of ovine pregnancy toxemia and 
bovine lactational ketosis. 
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In Vivo Metabolic Activity: I. Absorption of 
Long-Chain Fatty Acids from the Emptied, Washed Rumen 
The purpose of this study was to determine whether the technique of 
Sutton et al. (1962) could be used to measure the absorption of long-
chain fatty acids from the emptied, washed reticulo-rumen of young calves 
at various ages and on various dietary regimes, namely milk (M) and milk, 
hay, and grain (MHG). 
Procedure 
One Jersey and three Holstein male calves, 3 to 22 weeks of age, 
were used in 11 trials to study the absorption of potassium oleate or 
of free oleic acid from a test solution introduced into the emptied, 
washed rumen. Calves 5442, 5514, and 6030-6 were reared on diets in­
cluding concentrates and hay pellets. Calf 6030-7 was a twin of 6030-6 
and was reared on a whole milk diet supplemented with vitamins and 
minerals. 
The test solution introduced into the emptied, washed rumen was a 
modified Krebs-Ringer phosphate solution containing potassium oleate or 
free oleic acid but no calcium or magnesium salts (Table 6). 
Neither potassium oleate nor free oleic acid formed a stable emul­
sion in a modified Krebs-Ringer phosphate solution buffered at pH 6.6, 
even when the oil was mixed with an equal volume of an emulsifier^ pre­
pared as described by Johnson (1959). This problem was partially over­
come by treating the emulsion with a sonicator prior to the absorption 
^A solution containing 3.2 g casein, 2,9 g anhydrous Na2C03, 220 ml 
95% ethanol, and 500 ml water. 
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Table 6. Basic composition of test solution introduced into rumen 
Component Molarity 
Potassium oleate^ or oleic acid,^ pH 6.6 0.050 
Phosphate buffer, pH 6.6^ 
NaCl 




Substrate used in trials with 5442. 
b 
An equal volume of emulsifier containing 3.2 g casein, 2.9 g 
anhydrous Na2C03, 220 ml 95% ethanol and 500 ml water was mixed with 
the oleic acid in trials with 5514, 6030-6, and 6030-7. 
"^Sorenson phosphate buffer; four parts Na2HP04 (9.5 g/liter) and 
six parts KH2PO4 (9.1 g/liter). 
studies conducted with 5514, 6030-6, and 6030-7. 
The absorption trials were conducted in the same manner as described 
by Sutton et al. (1962). The pH of the rumen contents was determined at 
15 min intervals from a sample which was withdrawn from the rumen and 
then returned. When the pH of the solution rose above 6.8, several ml 
of 10 N H3PO4 were added to maintain pH at 6.6 + 0.2. Polyethylene 
glycol (PEG) was included in the test solution as a nonabsorbable marker 
to permit absorption to be distinguished from dilution of the rumen con­
tents by passage of fluids from the blood or from other parts of the ali­
mentary tract. Samples of the test solution in the rumen were also col­
lected and treated in the same manner as described by Sutton et al. (1962) 
for PEG analysis. 
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Residual fatty acids were dissolved in hexane following extraction 
from the test solution and methylation in a 2% H2SO4 in methanol solu­
tion, and measured on an Aerograph Model A-90 gas chromatograph equipped 
with a thermal conductivity detector and a 1 millivolt Brown-Honeywell 
recorder with a Disc integrator. Duplicate methyl oleate standards^ 
were chromatographed at each of three concentrations, and standard curves 
were drawn each day. Residual fatty acids in the samples were quantita­
tively determined by relating the area under the peak for the samples 
to area under the peak for the standards. The concentration of oleic 
acid in each sample was adjusted to eliminate any effects of dilution 
as determined by PEG analyses. Results were expressed in millimoles of 
oleic acid/g PEG in the rumen. 
Absorption studies with 5442 Absorption studies were conducted 
with 5442 at 3, 5, 10, and 22 weeks of age, primarily to acquaint the 
author with the methods used by Sutton et al. (1962). In the first 
three trials, the potassium oleate separated from the aqueous phase of 
the test solution quite rapidly prior to introduction into the rumen. 
Since the sonicator was not available at this time, it was assumed that 
the separation of the oil and aqueous phase also occurred in the rumen. 
Consequently, no valid interpretation of the results could be made. In 
the fourth trial, conducted when the animal was 22 weeks of age, a con­
siderable amount of saliva was present in the rumen at the end of the 
3-hr absorption study, again invalidating the data obtained. 
^Applied Science Laboratories, Inc., State College, Pennsylvania. 
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Absorption studies with 5514 One absorption study was conducted 
with 5514 at 14 weeks of age. Better emulsification of the test solution 
than was obtained in earlier trials was achieved by 1) mixing the oleic 
acid with an equal volume of soybean oil emulsifier (Johnson (1959)) 
before adding the Krebs-Ringer phosphate and 2) treating the test solu­
tion with the sonicator for 30 min prior to introduction into the 
emptied, washed rumen. 
Absorption studies with 6030-7 One absorption study was con­
ducted with this animal at 8 weeks of age. Prior to washing, the rumen 
contained about 250 ml of milky fluid and five hairballs which could not 
be removed through the small fistula. Several days after the trial this 
animal was assigned to another experiment and was unavailable for further 
absorption studies. 
Absorption studies with 6030-6 This animal, a twin of 6030-7, 
was used in five absorption studies, the first of which was conducted 
at 8 weeks of age, one day after the absorption study with 6030-7. A 
second absorption study was conducted when the animal was 10 weeks of 
age. The animal was given only milk for 5 feedings prior to the trial 
in an attempt to reduce the amount of solid material in the rumen. This 
was rather ineffective, however, and it was not possible to empty the 
rumen to a satisfactory degree. 
In view of the difficulties encountered in emptying the rumen in 
the second trial, a solution of volatile fatty acids was infused into 
the rumen at the rate of 125 to 150 ml/hr for 96 hrs preceding the 
third trial, which was conducted when the animal was 19 weeks of age. 
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Table 7. Composition of the solution infused into the rumen of 6030-6 
preceding trials 3, 4, and 5 
Component Molarity 
Acetic acid 0.052 
Propionic acid 0.022 
Butyric acid 0.013 
Phosphate buffer, pH 6.6^ 0.067 
^Sorenson phosphate buffer; four parts Na2HP04 (9.5 g/liter) and 
six parts KH2PO4 (9.1 g/liter). 
The composition of the infused solution is given in Table 7. Removal 
of rumen contents by aspiration was somewhat easier in this trial, al­
though it was not possible to empty the rumen completely. 
The VFA solution was infused at the rate of 300 ml/hr for 96 hrs 
prior to the 4th trial, which was conducted when the animal was 22 weeks 
of age. A considerable volume of saliva was present in the rumen at the 
end of the 3 hr absorption study, and rumen contents appeared in the sa­
liva collection bottle during the trial, indicating that the animal was 
able to swallow saliva past the esophageal balloon, as well as regurgitate 
contents of the rumen past the balloon in the opposite direction. The 
next day, following overnight infusion of the VFA solution in Table 7 
at the rate of 300 ml/hr, a 5th absorption study was conducted. Again 
saliva appeared in the rumen at the end of the 3 hr period, and the sa­
liva collection bottle contained some rumen contents. At this time it 
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was decided to terminate investigations on the feasibility of using 
this technique for measuring long-chain fatty acid absorption from 
the rumen. 
Results and discussion 
Absorption studies with 5442 (MHG) As indicated previously, 
there was a rapid separation of the potassium oleate from the aqueous 
phase of the test solution prior to introduction of this solution into 
the rumen in the three first trials. Although the two phases were thor­
oughly mixed ;.;y vigorous shaking before addition to the emptied, washed 
rumen, it is likely that the oleate separated from the remainder of the 
solution quite rapidly in the rumen. Vigorous motility of the rumen 
might have prevented this separation, but since nearly all solid material 
was removed from the rumen prior to introduction of the test solution, 
there was probably à reduction in the frequency and intensity of motility 
patterns of this organ. Therefore, no valid results were obtained in 
these trials. 
The fourth absorption study with 5442 was made when the animal was 
22 weeks of age. A considerable amount of saliva was present in the rumen 
at the end of the 3-hr absorption study. Therefore, no valid conclusions 
could be made regarding disappearance of fatty acids from the rumen, since 
the validity of this technique is based on the maintenance of defined con­
ditions within the rumen during the experiment. Saliva entering the rumen 
affects the pH of the contents therein, and may also create problems in 
obtaining representative samples of rumen contents by failing to mix well 
with the test solution. Sutton (1962) noted that some animals were able 
51 
to swallow saliva past the esophageal balloon and into the rumen as 
early as 16 weeks of age. 
Absorption studies with 5514 (MHG) This animal was 14 weeks of 
age when the absorption trial was conducted. The stability of the emul­
sified test solution was quite satisfactory in this trial, and no saliva 
entered the rumen during the 3-hr absorption study. The concentration 
of fatty acid in the rumen at various times after introduction of the 
test solution is presented in Table 8. Oleic acid disappeared quite 
rapidly from the rumen, although, as will be discussed later, it was not 
possible to conclude that any fatty acid was actually absorbed through 
the rumen wall. 
Absorption studies with 6030-7 (M) The results of the trial con­
ducted with this animal at 8 weeks of age are presented in Table 8. A 
comparison of the relative rates of oleic acid disappearance from the 
rumen of this animal, fed milk only, and from the rumen of 6030-6; fed 
milk, hay, and grain; is presented graphically in Figure 2. The epithe­
lial surface of the rumen in this calf was typical of 8-wk-old milk-fed 
calves described by Tamate ^  (1962), exhibiting very limited papil­
lary development and a light pink color. 
Absorption studies with 6030-6 (MHG) The results of the first 
trial with this animal are presented in Table 8, and the oleic acid dis­
appearance rate is compared with that in 6030-7 in Figure 2. The relative 
rates of substrate disappearance from the rumen of the M calf, versus that 
of the MHG calf, follow the same pattern as reported by Sutton (1962), in 
trials to study the absorption of acetic acid from the rumen of animals on 
similar diets. The decline in the concentration of oleic acid with time 
Table 8. Disappearance of oleic acid from a test solution introduced into the emptied, washed 
rumen of young calves 
Minutes after placing test solution into rumen 
Age 
Animal Diet (wks) 0 5 30 50 90 120 150 180 
mmoles oleic acid/g PEG in rumen 
5514 MHG 14 65 56 32 30 14 13 8 4 
6030-•7 M 8 77 72 70 67 66 53 56 45 
6030-•6 MHG 8 87 79 73 38 25 10 10 10 
%HG = milk, hay, and grain; M = milk only. 
Figure 2. Effect of diet on the rate of disappearance of oleic acid from a test solution 
introduced into the emptied, washed rumen of 8-wk-old twin Holstein calves; 
6030-7 (M) was maintained on a diet of milk only, 6030-6 (MHG) was fed milk, 
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in the test solution of the M calf in this experiment appears to be 
greater than the disappearance of acetic acid from the rumen of M calves 
in the experiments of Sutton (1962). This might indicate that oleic 
acid is absorbed to some degree from the rumen of the 8-wk-old milk-fed 
calf. Conversely, it could be a reflection of adsorption of the oleic 
acid to the rumen wall as the level of solution in the rumen dropped 
during the course of the absorption study. Likewise, the more rapid 
rate of disappearance of oleic acid from the test solution in the rumen 
of the MHG calf could merely be a function of the total surface area in 
the rumen of the MHG calf versus the M calf. The epithelial surface of 
the rumen of 6030-6 was well-papillated and dark in color, and appeared 
to be characteristic of normal rumen development in animals fed hay and 
grain as reported by Tamate (1962), 
Results of the second and third trials with 6030-6 were considered 
invalid because it was not possible to remove all of the rumen contents 
by aspiration, even when solid feed was withheld from the animal for 
five feedings prior to the trial, or when a VFA solution was infused 
continuously at various rates up to 300 ml/hr for as long as 96 hr pre­
ceding the trial. The ingesta in the rumen contains some long-chain 
fatty acids, and it is unlikely that this ingesta would become thor­
oughly mixed with the test solution of fatty acid introduced into the 
rumen for several hours. Consequently, the ratio of fatty acid substrate 
to nonabsorbable marker, PEG, would be altered simultaneously by two fac­
tors, 1) the absorption or adsorption of substrate by the rumen wall, 
which would lower the fatty acid to PEG ratio, and 2) the mixing of 
fatty acids in the ingesta with fatty acids in the test solution, which 
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would increase the ratio of substrate to marker. There is no valid 
means of measuring disappearance of a given substrate from the rumen 
under these conditions. 
As described earlier, saliva was present in the rumen at the end of 
the absorption period in both the fourth and fifth trials, again invali­
dating the data. Although PEG analyses were carried out for the last 
four trials with 6030-6, rumen samples were not analyzed for oleic acid 
content since this is a lengthy procedure and no valid results could be 
obtained. 
Since there was no means of determining the extent of substrate 
adsorption to the rumen epithelium, the disappearance of oleic acid from 
the test solution in these studies provided no conclusive information re­
garding the absorption of long-chain fatty acids from the rumen. The 
effect of emptying and washing the rumen on the metabolism of substances 
placed therein is another criticism of this technique, since the form in 
which the long-chain fatty acids are bound or carried in the normal rumen 
contents may have some effect on their metabolic fate. The absorption of 
long-chain fatty acids directly from the rumen can be studied by using 
some modifications of the method described in the following section of 
this dissertation, where a further discussion of the problem will be 
presented. 
In Vivo Metabolic Activity: II. Absorption of Long-Chain 
Fatty Acids from the Rumen via the Lymphatic System 
Garbon-14 labeled fatty acids were used in this study to determine 
1) whether long-chain fatty acids are absorbed from the rumen via the 
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lymphatic system of the bovine and 2) the relative degree of absorption 
of long-chain fatty acids via the lymphatic system from the rumen versus 
the intestine. McCarthy (1962), Erwin et al. (1963), and Wood et al. 
(1963) have reported that small amounts of long-chain fatty acids may 
be absorbed into the venous blood from the rumen. Since the long-chain 
fatty acids are absorbed primarily via the lymphatic system in the in­
testine (Senior (1964)), it was felt that if long-chain fatty acids are 
absorbed from the rumen to a significant degree, the lymphatic system 
might be as likely a route as the blood system. 
Procedure 
Lymph from both the rumen and the intestines passes through the 
thoracic duct to the venous system. In order to measure absorption of 
a nutrient from the rumen via the lymphatic system by use of a thoracic 
duct catheterization technique, it is necessary to eliminate this nutri­
ent from the intestine, thereby preventing its appearance in the thoracic 
duct lymph via intestinal absorption. This was accomplished in the pres­
ent study by introducing the nutrient, labeled long-chain fatty acids, 
into the rumen through a rumen fistula, then collecting all of the radio­
active ingesta passing from the upper digestive tract (rumen, omasum, 
abomasum, and proximal 2-4 inches of the duodenum), and returning an 
equal volume of non-radioactive material to the lower digestive tract. 
As long as no ^^C-labeled ingesta was introduced into the lower digestive 
tract, radioactive long-chain fatty acids appearing in lymph collected 
from an indwelling thoracic duct catheter could be assumed to have been 
absorbed from the upper tract. The increase in radioactivity of the 
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lymph after introduction of labeled ingesta into the lower tract 
could be attributed to long-chain fatty acid absorption via the intes­
tinal lymphatic system. 
Animals An vivo trial was conducted with each of four male 
Holstein calves ranging from 15 to 22 weeks of age. All animals had 
access to alfalfa hay and calf starter^ beginning at 4 days of age. 
Based on results of work by Hibbs et (1956), Swanson and Harris 
(1958), Lengemann and Allen (1959), and by Tamate al. (1962) and 
Tamate e^ al. (1964) at this station, it was assumed that forestomach 
development had progressed to the stage where the animals were func­
tionally mature ruminants for at least 8 weeks before the absorption 
trials were conducted. 
For ease of access to the rumen, a small rumen fistula, about 2.5 cm 
in diameter, was established by a one-stage operation in the anterior 
dorsal apex of the left paralumbar fossa of each calf at 8 to 12 weeks 
of age. A rubber cannula, identical to that used by Sutton (1962) was 
then placed in the fistula immediately upon completion of the surgery. 
Two to 4 weeks preceding the in vivo trial, a re-entrant duodenal 
fistula was established^ by the method of Conner et aj.. (1957). No 
special pre-operative treatment was given but feed was withheld for 
^The starter was a regular mix fed at the Iowa State University 
Dairy Farm. Its composition was: corn, 40%; oats, 27%; soybean meal, 
20%; blackstrap molasses, 10%; iodized salt, 1%; dicalcium phosphate, 
2%; trace mineral mix, 68 g/lOO lbs; and vitamin A, vitamin D, anti­
biotic premix, 17.5 g/lOO lbs. 
2 Surgery was conducted by A. D. McGilliard, Dept. of Animal Science, 
Dairy Science, Iowa State University, Ames, Iowa. 
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36 hr and water for 24 hr prior to surgery. The skin over the operative 
area was prepared by clipping as closely as possible, washing thoroughly 
with bactericidal soap and water, and rinsing with 95% alcohol. 
The animal was placed on the surgery table in left lateral recumbancy 
under the influence of 3% Surital sodium^ administered via the jugular 
vein. The trachea was then intubated immediately. The endotracheal tube 
was attached to a closed-circuit anesthesia machine, and anesthesia was 
2 
maintained with Fluothane. 
Internally the fistula was placed 7.5 to 10 cm from the pylorus, orad 
to the juncture of the bile duct with the duodenum, Ingesta leaving the 
upper gut flowed to the distal segment of the duodenum through an exteri­
orized tube consisting of plastic elbows connected by a piece of tygon 
tubing (Figures 3 and 4). Externally, the proximal or anterior port of 
the fistula (with respect to sequential position in the digestive tract) 
was located in the right abdominal wall between the tenth and eleventh 
ribs approximately 6 to 10 cm ventral to the level of the costo-chondral 
junction. The return cannula stem was located between the eleventh and 
twelfth ribs and 10 to 15 cm dorsal to the proximal cannula stem 
(Figure 5). 
3 After establishment of the cannulae, two Polyotic oblets were placed 
^Parke-Davis Co., Detroit, Michigan. 
2 Fluothane, a halothane anesthetic, Ayerst Laboratories, New York, 
New York. 
3 
A tetracycline hydrochloride, American Gyanamid Co., Princeton, 
New Jersey. 
Figure 3. Exploded view of cannula which was 
placed in the duodenum 
The stem (3 inches long, l/2 inch 
inside diameter, 5/8 inch outside 
diameter) and flange (1 1/2 inches 
long, 3/8 inch internal radius) were 
constructed from surgical stainless 
steel; the elbow and collars were 
made of plexiglass. 
Figure 4. View of one-half of assembled 
re-entrant cannula 
The two elbows of the cannula 
were connected with either 1/2 
inch or 9/l6 inch inside 
diameter tygon tubing. 
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Figure 5. Close-up view of re-entrant duodenal 
cannula in situ 




in the peritoneal cavity before the incision was closed. The incision 
and the area adjacent to where the cannulae passed through the body wall 
were dusted with Polyotic^ powder upon completion of surgery and several 
times weekly thereafter. To prevent general infection, 5 ml of Antibiotic 
2 Combination I was injected intramuscularly on the day of surgery, the 2 
days following surgery, and every 3 days thereafter until establishment 
of the thoracic duct catheter. 
Post-surgical recovery was rapid and animals resumed normal eating 
and rumination patterns within 18 to 36 hrs. One to 8 liters of ingesta 
were collected from the proximal port of the cannula and frozen daily for 
later re-introduction into the intestine during the vivo trial. When 
more than 2 liters of ingesta were collected at one time, an equal volume 
of 2.5% dried skimmilk in Krebs-Ringer solution was returned to the in­
testine to replace the protein taken in the ingesta. 
Six days preceding the i^ vivo trial a thoracic duct-thoracic duct 
shunt was established^ using methods similar to those described by 
Lascelles and Morris (1961) for establishing thoracic duct-jugular vein 
shunts in sheep. Time required for catheter maintenance and animal care 
was reduced by returning the lymph through a catheter established in the 
right thoracic duct orad to the point where the initial catheter was 
introduced for lymph collection. 
tetracycline hydrochloride, American Cyanamid Co., Princeton, 
New Jersey. 
2 400,000 units penicillin in dihydrostreptomycin, 0 . 5  mg/2cc, 
Corvell Division of Eli Lilly and Co., Indianapolis, Indiana. 
3 
Surgery was conducted by A. D. McGilliard, Dept. of Animal Science, 
Dairy Science, Iowa State University, Ames, Iowa. 
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Pre-operative treatment, anesthesia, and post-operative treatment 
were the same as described for establishment of the re-entrant duodenal 
fistula. Surgery was initiated by making a skin incision over the line 
of the 8th rib on the right side. The incision was then made through the 
latissimus dorsi and periosteum to the external surface of the rib. The 
periosteum was stripped free and about 20 cm of the rib, as close as pos­
sible to the costo-vertebral juncture, were removed. The pleura was then 
incised, the incision opened and retracted, and the right diaphragmatic 
lobe of the lung was retracted so as to enhance access to the thoracic 
duct. A positive-action Seeler resuscitator unit^ on the closed-circuit 
anesthesia machine was used to assist respiration while the thorax was 
open. The thoracic duct was identified without dissection beneath the 
pleura on the right dorso-lateral surface of the aorta. After dissecting 
the duct free for about 4 to 5 cm, a short longitudinal incision was made 
9 
in the duct and silicone rubber tubing (.040" I.D, x .085" O.D, or .062" 
I.D. X .095" O.D.) was passed 3 to 10 cm caudally into the duct. The 
catheter was then secured in this position. For lymph return, a similar 
piece of silicone rubber tubing was passed cranially into the duct and 
secured. If a second thoracic duct was located on the left dorso-lateral 
surface of the aorta, it was clamped shut with silver brain clips. The 
catheters were then brought out of the thorax through the wound, con­
nected, and secured to the skin. Three million units of procaine 
Globe Safety Products, Inc., Dayton, Ohio. 
^Medical grade tubing. Medical Products Division, Dow Corning 
Corporation, Midland, Michigan. 
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penicillin^ were instilled into the pleural cavity to prevent infection. 
After inflation of the lungs and displacement of air from the pleural 
cavity, the pleura and first layer of muscles were rapidly closed to pre­
vent pneumothorax. The remaining muscles were then sutured and the skin 
closed. See Figures 6 and 7. Post-surgical recovery was rapid with nor­
mal eating and rumination patterns being re-established within 12 to 24 hr. 
Strict aseptic measures were followed in all surgical procedures. 
Preparation of the radioactive substrate Approximately one-half 
millicurie of either palmitic acid-l-^^C^ or oleic acid-l-^^C^ was used 
in each vivo trial. The ^^C-labeled compounds, dissolved in benzene 
solution, were supplied in sealed vials. The contents of the vial were 
transferred to a 500-ml Erlenmeyer flask and the benzene was evaporated 
under nitrogen gas. The residue was then dissolved in about 5 ml of 95% 
ethanol to which 2 drops of phenolphthalein indicator were added. The 
solution was then titrated slightly past neutrality with 0,1 N KOH and 
the ethanol was evaporated under nitrogen. The residue was then dis­
solved in 400 ml of .5% bovine serum albumin in Krebs-Ringer bicarbonate 
solution by stirring for 30-45 min. Four ml of this solution were with­
drawn for determination of specific activity and for the vitro tissue 
incubation described earlier. The remainder of the solution was stored 
in a refrigerator until used. 
In vivo trial techniques Each animal was equipped with a harness 
and collection bottles for total collection of ingesta and lymph, and also 
^Parke-Davis Co,, Detroit, Michigan, 
^Nuclear Chicago Corporation, Chicago, Illinois. 
Figure 7. View showing relative positions of the re-entrant duodenal 
fistula and thoracic duct-duct shunt in situ 




for returning volumes of ingesta and lymph equal to those collected 
(Figure 8). To familiarize the animals with the technique, short prac­
tice runs were conducted once or twice with each calf a few days pre­
ceding the trial. Collection and return of ingesta and lymph was started 
2 hrs prior to administration of the isotope on the day of the iji vivo 
trial, and was continued for 26 hrs. The solution containing the isotope 
was mixed vrith 500 to 1000 ml of rumen fluid which were withdrawn from 
the animal several minutes beforehand. The mixture was then returned to 
the rumen through the rumen fistula. Total radioactivity in the solution 
introduced into the rumen was determined as described earlier in the 
section on i^ vitro metabolic activity using ^'^G-labeled substrates. 
Animals 7101-2 and 1111-1 each received 569 microcuries of oleic acid-
1-^^C while 7042-8 and 5861 each received 495 microcuries of palmitic 
acid-l-14c. 
The first trial was conducted with animal 7101-2. To prevent in­
testinal absorption of radioactive fatty acids in this trial using oleic 
acid-l-^^C, all of the ingesta passing from the proximal port of the re­
entrant duodenal cannula was collected, the volume was measured at 10-min 
intervals, and an equal volume of a 39°C mixture containing equal parts 
of unlabeled ingesta and Krebs-Ringer solution was returned to the small 
intestine. The radioactive ingesta collected during each hour were 
pooled, thoroughly mixed, sampled, and frozen for subsequent analysis. 
The remaining ingesta were discarded. 
All of the lymph was collected and at hourly intervals it was mea­
sured, sampled, and frozen for subsequent analysis. A mixture approxi­
mately equal in volume to that collected in a given hour was returned to 
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the animal through the thoracic duct return catheter with the aid of a 
perfusion pump. The mixture contained equal volumes of Krebs-Ringer 
solution, 5% casein hydrolysate in normal saline, and lymph previously 
collected from a donor animal. 
The second vivo trial, using animal 1111-1, was conducted in the 
same manner as the first except that, beginning 12 hrs after introduction 
of the oleic acid-l-^^G into the rumen, the radioactive ingesta being col­
lected were returned to the small intestine after measurement and sampling. 
By this method it was possible to determine the relative rates at which 
long-chain fatty acids are absorbed via the lymphatic system from the rumen 
versus the small intestine. Pour blood samples were collected by jugular 
venipuncture at 0, 4.5, 14, and 24 hrs after administration of the isotope. 
A 3 ml sample of blood was laked in 12 ml of water, and the blood proteins 
were precipitated by the method of Somogyi (1945). The supernatant was 
stored in tightly closed screw cap test tubes and subsequently analyzed 
for total radioactivity. 
The third m vivo trial, using animal 7042-8, was conducted in the 
same manner as the first trial, but palmitic acid-l-^^C was used as the 
substrate. Blood samples were taken through an indwelling jugular vein 
catheter at -1, 3, 7, 11, 15, 19, and 23 hrs after administration of the 
isotope, and treated in the same manner as described above. 
The fourth ijn vivo trial, using animal 5861, was conducted in the 
same manner as the second trial, but with palmitic acid-l-^^C as the 
substrate. Since no radioactivity was found in the protein-free fil­
trates of blood samples from 1111-1 and 7042-8, no blood samples were 
taken in the fourth trial. 
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Analysis of samples for radioactivity 
Blood Total radioactivity in the protein-free filtrate 
of blood was determined by placing 3 ml of supernatant in a 20-ml glass 
scintillation vial, adding 17 ml of a scintillation fluid containing 
7 g PPO, 0.3 g POPOP, and 100 g naphthalene/liter of reagent grade 
1,4-dioxane, and making duplicate 10-min counts with a Packard Model 
3002 Tri-Carb Liquid Scintillation Spectrometer. All counts were cor­
rected for background. 
Lymph At hourly intervals during each vivo absorption 
trial, a 25-ml sample of lymph was poured into a 50-ml freeze-dryer 
bottle and frozen. Subsequently, the samples were dried in a Virtis 
freeze-dryer, sealed under vacuum, and stored at 4*C. The level of 
radioactivity in the lymph at each hour was determined by placing 25 mg 
of freeze-dried lymph into a scintillation vial, wetting with 100 micro­
liters of water, and adding 1 ml of NCS tissue solubilizer. The samples 
were then digested in a 50°C water bath for 2 hr. After digestion, 15 ml 
of toluene scintillation fluid were added to each vial and counting was 
done as described for blood. Radioactivity was determined on duplicate 
dry lymph samples for each hour. 
After duplicate 10-min counts were made on each vial, 1 ml of 
toluene-containing 4,310 dpm/ml was added to each of 6 randomly 
selected vials from the set. Duplicate 10-min counts were made on 
these 6 vials, and counting efficiency was determined. The average per 
cent counting efficiency was applied to all samples in the set, and 
activity was expressed in dpm/mg of freeze-dried lymph. 
Duplicate dry matter determinations were made on hourly lymph 
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samples. Drying was done in the Virtis freeze-dryer and results were 
expressed in grams %. It was thus possible to determine the per cent 
of total radioactivity administered that was collected in the lymph in 
each hour, and cumulatively for 24 hrs. 
Ingesta To determine the amount of radioactivity passing 
from the rumen, duplicate 0.5 ml samples of the ingesta collected during 
each hour were placed in glass scintillation vials, frozen, and dried in 
the freeze-dryer. The dry residue was then wetted with 125 microliters 
of water, and 1 ml of NCS tissue solubilizer was added, followed by incu­
bation at 50°C for 4 hrs. After digestion, 15 ml of toluene scintillation 
fluid were added and counting was done as described for lymph and blood. 
Ingesta samples imparted a yellow color to the scintillation fluid, 
causing a depression in counting efficiency. The extent of this depres­
sion varied with the intensity of the yellow color. Therefore, it was 
decided to determine the counting efficiency in each vial by adding 1 ml 
of toluene-^^C containing 4,310 dpm/ml and then making duplicate 10-min 
counts on each vial. 
As with the lymph, the per cent of total administered radioactivity 
that passed from the upper tract in each hour, as well as total passage 
in 24 hrs, was calculated. 
Lymph lipid classes The distribution of radioactivity 
among the lipid classes in several samples of lymph with high activity 
was carried out as follows. Three samples each from 1111-1 and 5861 
were analyzed. Lipid from 500 mg of freeze-dried lymph was extracted 
by the method of Rhodes and Lea (1961). The dry lymph was shaken in a 
50-ml ground glass stoppered glass centrifuge tube with 25 ml chloroform:-
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methanol (2:1, v/v) plus 4 ml water, and centrifuged for 15 min at 4°G. 
The methanol:water layer was removed by aspiration, and the chloroform 
was transferred to a graduated test tube by pouring through Whatman No. 12 
filter paper. The chloroform was then evaporated under nitrogen to a vol­
ume of 10 ml and stored in the cold. 
The lipids were then separated into five classes; cholesterol esters, 
triglycerides, free fatty acids, free cholesterol, and phospholipids plus 
other glycerides; by the thin-layer chromatographic (TLC) method of 
Schlierf and Wood (1965). After separation on the TLC plates, the loca­
tion of the lipid classes was determined under ultraviolet light after 
treatment with 2',7'-dichlorofluoresceine spray reagent.^ The silica gel 
over the area containing each lipid class was scraped into a scintillation 
vial. Counting was then carried out in toluene scintillation fluid as de­
scribed for lymph and ingesta, and counting efficiency was determined on 
each vial. Results were expressed on the basis of the amount of radio­
activity in each class as a per cent of total radioactivity in all of the 
lipid classes combined. 
Results and discussion 
Absorption study with 7101-2 A summary of lymph and ingesta flow 
data for the entire absorption trial is presented in Table 9; hourly lymph 
flow values are given in Table 13 in the Appendix. The lymph flow rate 
increased from 575 ml during the first hour to 1350 ml during the final 
hour of the trial. This effect has not been noted in other calves 
^Brinkman Instruments, Inc., Westbury, Long Island, New York. 




Mean lymph flow rate^ Mean ingesta flow rate^ 
% total isotope 
passed through 
duodenal cannula 
in 24 hr ml/hr ml/(hr X kg body wt) ml/hr ml/(hr x kg body wt) 
7101-2^ 20 963 7.7 1,890 15.1 42. 52 
1111-1^ 21 1,383 11.1 1,888 15.2 52.14 
7042-8^ 15 395 3 . 8  989 9.5 52.29 
5861^ 22 1,158 8.4 815 5,9 12.21 
^Based on a continuous 26-hr collection. 
^Silicone rubber tubing placed in thoracis duct was 0.062" I. D. x 0.095" 0. D. 
"^Silicone rubber tubing placed in thoracic duct was 0.040" I. D. x 0.085" 0. D. 
subjected to continuous lymph collections.^ The progressive increase in 
lymph flow rate observed in the present study was probably a reflection 
of the amount of liquid returned to the lower gut during the trial period, 
since the mixture returned to the duodenum was equivalent in volume to the 
ingesta collected from the upper gut, but contained equal parts of un­
labeled ingesta and Krebs-Ringer solution. Thus, the dry matter content 
of the mixture which was returned to the duodenum was approximately one-
half that of the ingesta passing from the proximal portion of the re­
entrant duodenal fistula, and the excess fluid absorbed from the intes­
tines moved through the lymphatic system to the blood. 
Concomitant with the increased lymph flow rate was a decrease in the 
dry matter content of lymph (Table 14, Appendix), and as a result, there 
was relatively little change in the total amount of dry matter in the 
lymph collected during each hour. 
The amount of radioactivity which appeared in the lymph during each 
hour is presented in Table 15 of the Appendix, and is shown graphically 
in Figure 9. The amount of isotope which passed in the lymph in any one 
hour did not exceed 10 millimicrocuries. Based on calculations made from 
data in Table 15, approximately 0.02% of the total radioactive dose ap­
peared in the lymph within the 24-hr period after introduction of the 
labeled fatty acids into the rumen. During this period, 42.52% of the 
total activity passed from the rumen through the intestinal cannula 
(Table 9). It seems unlikely that the amount of radioactivity appearing 
^Romsos, D. R. , Department of Animal Science, Iowa State University 
of Science and Technology, Ames, Iowa. Diurnal lymph flow rates in 
young, milk-fed calves. Private, communication. 1966, 
Figure 9. A comparison of the amount of radioactivity which appeared in the lymph in each hour 
of 24-hr absorption studies with 7101-2 and 1111-1; each animal was administered 
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in the lymph would increase significantly after this 24-hr period, even 
though the rate at which the radioactive fatty acids were passing from 
the rumen was declining by the end of the absorption study (Figure 10), 
and some radioactive substrate would probably have remained in the rumen 
for several days. 
These results suggest that if long-chain fatty acids enter the 
lymphatic system directly from the rumen, the rate is not of physio­
logical significance. However, it cannot be assumed that the radio­
activity which appeared in the lymph was due to the absorption of long-
chain fatty acids directly into the lymphatic system. The small amount 
of radioactivity detected in the lymph could have been the result of 
absorption of long-chain fatty acids directly from the rumen into the 
blood, as shown by McCarthy (1962), and of their subsequent recirculation 
from the blood into the lymphatic system. Morris (1956) has shown that 
lymph proteins can come from the plasma by passing through the capillary 
wall. He found that ^^^I-tagged albumin which was injected intrave­
nously in cats appeared first in liver lymph and reached 90% of the 
plasma levels in 3-4 hours, while in the intestinal lymph it reached 
50-60% of the plasma levels. Thus, any radioactive fatty acids which 
were absorbed directly from the rumen into the blood could have been 
carried by albumin into the lymphatic circulation. Morris and Courtice 
(1956) have shown in studies with cats that chylomicron levels in the 
liver and cervical lymph vary with levels in the plasma, and can be in­
creased by intravenous injection of fatty chyle. If this phenomenon 
prevails in the bovine, radioactive fatty acids which are incorporated 
into glycerides during or after absorption from the rumen into the blood 
Figure 10. A comparison of the percentage of the total isotope dose collected from the duodenal 
cannula each hour in 7101-2 and 1111-1; each animal was administered 569 microcuries 
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could also enter the lymphatic circulation. 
Another possible explanation for the appearance of radioactivity in 
the thoracic duct lymph of 7101-2 is that a small amount of long-chain 
fatty acid was absorbed from the ingesta passing through the proximal 2-4 
inches of the duodenum orad to the intestinal cannula. However, since 
the re-entrant duodenal fistula was located between the pylorus and the 
bile duct, none of the bile secreted by the liver reached the duodenal 
section orad to the cannula. In view of the importance of the conjugated 
bile salts in micellar formation (Senior (1964)) and subsequent lipid 
absorption in the intestine, it seems unlikely that absorption would 
have occurred in the proximal 2-4 inches of the duodenum. Furthermore, 
ingesta were probably present in this section of the duodenum for only 
very short periods of time, as passage of material from the cannula was 
characterized by short periods of very rapid flow followed by periods 
during which no ingesta were passed. The passage of ingesta in gushes 
was probably due to rapid abomasal and pyloric contractions, with the 
result that the lipids in the ingesta were not exposed to the surface of 
the proximal duodenum for any appreciable length of time. 
Hourly ingesta flow values are presented in Table 16 of the Appendix. 
Passage of ingesta tended to be rapid while the animal was standing and 
especially while eating. Conversely, while the animal was lying down, 
ingesta flow was relatively slow. The amount of radioactivity collected 
from the duodenal cannula in each hour is presented in Table 17 (Appendix), 
and the percentage of the total administered dose which passed from the 
upper gut during each hour is illustrated in Figure 10. The ingesta 
activity reached a maximum in 7101-2 about 8 hr after administration of 
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the isotope, and declined thereafter. 
Absorption study with 1111-1 Mean lymph and ingesta flow values 
for the trial with this animal are presented in Table 9. The lymph flow 
rate increased to a greater degree during the trial with 1111-1 than with 
7101-2 (Table 13, Appendix), although the mean volume of material returned 
to the duodenum per hour was nearly identical in the two animals, being 
1,890 and 1,888 ml/hr, respectively, for 7101-2 and 1111-1. Likewise, the 
ingesta flow rates and, consequently, the return rates were nearly iden­
tical in terms of ml/(hr x kg body wt) for these two animals, the values 
being 15.1 and 15.2, respectively. Therefore, the difference in mean 
hourly lymph flow rates between 7101-2 and 1111-1 cannot be explained on 
the basis of a difference in the amount of fluid returned to the duodenum 
during the trials, and was probably due primarily to individual animal 
differences. 
The more marked increase in lymph flow rate in 1111-1 was accompanied 
by a greater decline in the dry matter content of the lymph (Table 14, 
Appendix), which decreased to less than one-third of the level in lymph 
collected during the first hour. 
The appearance of radioactivity in the lymph is illustrated in 
Figure 9 and hourly values are presented in Table 15 (Appendix). The 
amount of isotope which passed in the lymph during any given hour, as 
in 7101-2, did not exceed 10 millimicrocuries during the first half of 
the study. The average amount of activity which appeared in the lymph 
during each of the first 12 hr of the absorption studies with 7101-2 and 
1111-1 was 5.94 and 5.62 millimicrocuries, respectively, as shown in 
Table 10. As indicated in Figure 9, radioactive ingesta were returned 
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Table 10. Comparison of radioactivity passed in lymph during the first 
versus the second half of the vivo absorption studies 
using I'^C-labeled fatty acids 
Average^ Average activity 
activity for second 12 hours 
for second Average activity 
12 hours for first 12 hours 
7101-2^ 5.94 5. 12 0.862 
llll-l^'C 5.52 4,755 846.1 
7042-8^ 4.44 5.07 1.142 
5861^^^ 6.63 2,164 326.4 
^illimicrocuries/hr. 
^Administered 569 microcuries oleic acid-l-^^C. 
^Radioactive ingesta were returned to duodenum during second 12 
hours of the absorption study. 
'^Administered 495 microcuries palmitic acid-l-^^C. 
to the duodenum of 1111-1 beginning 12 hr after administration of the 
isotope. The average amount of radioactivity which appeared in the lymph 
per hour during the second half of the study with 1111-1 was 846 times 
that of the first half (Table 10), indicating the relative importance of 
intestinal versus ruminai absorption of oleic acid via the lymphatic 
system. 
The average amount of radioactivity in the lymph of 7101-2 was 5.12 
millimicrocuries/hr during the second half of the trial, compared with an 
average of 5.94 millimicrocuries/hr during the first half. Therefore, it 
Average^ 




seems reasonable to assume that the increase in radioactivity in the 
lymph of 1111-1 during the second half of the trial was not due to an 
increase in absorption of labeled fatty acid directly from the rumen, 
but was entirely the result of intestinal absorption of the lipid. 
Four blood samples were collected from 1111-1 by jugular venipunc­
ture at 0, 4.5, 14, and 24 hr after administration of the isotope, and 
the supernatant fluid was analyzed for total radioactivity after the 
proteins were precipitated by the Ba(0H)2-ZnS0^ procedure of Somogyi 
(1945), None of the blood samples contained measurable amounts of radio­
activity, indicating that if any of the radioactive fatty acid which was 
placed in the rumen was converted to ketone bodies by the rumen wall, 
either the rate of ketone formation was quite slow or the ketones were 
oxidized by the extrahepatic tissues and did not reach the jugular blood 
in sufficiently high concentrations to be detectable. 
A more reliable method for determining the rate of ketone formation 
from long-chain fatty acids by the rumen wall vivo would involve plac­
ing catheters in the ruminai vein and femoral artery and determining 
blood ketone levels in samples obtained from these vessels. Since the 
ketone bodies are metabolized primarily by extrahepatic tissues, jugular 
blood ketone levels provide little information on the ketogenic activity 
of the rumen wall. 
Absorption study with 7042-8 The mean lymph flow rate (Table 9) 
was much lower in this animal than in any of the other animals used. Due 
to the small size of the thoracic duct, it was not possible to introduce 
a 0.062" I.D. X 0.095" O.D. catheter into the duct during surgery, and a 
0.040" I.D. X 0.085" O.D. catheter was used. Since the cross-sectional 
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area of the smaller catheter was less than 43% of that of the larger 
catheter, the flow rate through the thoracic duct may have been re­
stricted. This animal also had a lymph duct on the left dorso-lateral 
surface of the aorta, which was clamped shut with silver brain clips in 
order to shunt all the lymph through the right branch of the bilateral 
thoracic duct. Lymph accumulating in the tissues as a result of re­
stricted flow through the thoracic duct could have reached the blood 
through lymphaticovenous communications. Such connections have been 
shown to develop in sheep with occluded thoracic ducts (Heath (1964)) 
and in dogs after obstruction of the major lymphatic channels in the 
abdomen and chest or neck (Threefoot et al. (1965)). It is not known 
whether occlusion of the left branch of the duct and the introduction 
of a small catheter into the right branch would restrict lymph flow to 
a degree sufficient to cause development of lymphaticovenous communi­
cations, although this is a possibility. 
Hourly lymph flow values (Table 13, Appendix) were relatively low 
and consistent throughout the entire absorption study, and the dry matter 
content of the lymph did not decrease as it did in the first two trials 
(Table 14, Appendix). 
The amount of radioactivity which passed in the lymph per hour is 
presented in Table 15 of the Appendix and illustrated graphically in 
Figure 11, Again, the amount of radioactivity which passed in the lymph 
during any hour did not exceed 10 millimicrocuries; and the average ac­
tivity which appeared in the lymph per hour was only slightly greater 
during the second half of the trial than during the first half, as shown 
in Table 10. Based on calculations using data in Table 15, only 0.02% 
Figure 11. A comparison of the amount of radioactivity which appeared in the lymph in each 
hour of 24-hr absorption studies with 7042-8 and 5861; each animal was administered 
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of the total dose of palmitic acid-l-^^C appeared in the lymph within 
the 24-hr period after administration of the isotope. 
Ingesta flow was somewhat less rapid in 7042-8 than in 7101-2 or 
1111-1, and may be due in part to the fact that this animal spent a 
greater amount of time lying down than did the two animals used previ­
ously. Also, 7042-8 did not eat as well as the other two animals, and 
appeared to be somewhat uncomfortable throughout the entire trial, pos­
sibly due to an accumulation of fluid in the rear quarters which resulted 
from decreased lymph flow. However, this animal passed a greater per­
centage of total radioactivity through the duodenal cannula during the 
24-hr study than any other animal (Table 9), which suggests that gastric 
motility and ingesta flow were not inhibited. The lower ingesta flow 
rate noted in this animal may have simply been a reflection of lower 
feed consumption in comparison to animals 7101-2 and 1111-1. 
The protein-free filtrate of the blood samples which were collected 
at 4-hr intervals throughout the trial did not contain measurable amounts 
of radioactivity, indicating that the conversion of palmitic acid-l-l^C 
to ketones by the rumen wall vivo is not sufficiently different from 
oleic acid-l-l^C metabolism so as to be reflected in jugular blood ketone 
levels. 
Absorption study with 5861 The rate of lymph flow in this animal 
was comparable to the rates observed in 7101-2 and 1111-1, as shown in 
Table 9. The lymph flow rate increased with time (Table 13, Appendix) 
while the dry matter content declined (Table 14, Appendix). The amount 
of radioactivity which was passed in the lymph is illustrated in 
Figure 11, and is compared with the activity in the lymph of the other 
animal, 7042-8, which received palmitic acid-l-^^C. The increase in the 
level of radioactivity in the lymph during the second half of the experi­
ment with 5861 was not as great as was noted in 1111-1, in which radio­
active ingesta were also returned to the duodenum. The average amount 
of radioactivity which appeared in the lymph per hour during the second 
half of the study with 5861 was 326 times that of the first half. 
An examination of the data in Table 9 and of Figure 12 shows that 
the amount of ingesta passed from the duodenal cannula of 5861 was ab­
normally low in comparison to ingesta flow rates for the other three 
animals. This animal did not eat or ruminate normally during the absorp­
tion study, and rumen motility was probably depressed. The passage of 
ingesta through the re-entrant duodenal fistula prior to the absorption 
study was characterized by more frequent plugging of the cannulae than 
was experienced in any of the other animals. It is possible that some 
nerve damage occurred when the fistula was established, thus interfering 
with normal motility. However, there was no indication of such damage 
at the time of surgery, as contractions of the pylorus and proximal duo­
denum were strong and regular throughout the operation. 
Considerably less activity appeared in the lymph of 5861 during the 
second half of the absorption study than during the corresponding period 
in the trial with 1111-1. This was probably a reflection of the amount 
of isotope returned to the intestine, as shown in Table 11. In the ani­
mal administered oleic acid-l-^^C, 1111-1, 57.88% of the radioactivity 
which was introduced into the lower gut appeared in the lymph, compared 
to 56.17% in 5861, which was administered palmitic acid-l-^'^C. These 
figures indicate that the absorptive processes which took place in the 
Figure 12. A comparison of the percentage of the total isotope dose collected from the duodenal 
cannula each hour in 7042-8 and 5861; each animal was administered 495 microcuries 
of palmitic acid-l-14c at time 0 
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Table 11. Amounts of radioactivity returned to the duodenum and 
collected in the lymph during the final 12 hours of 









^ X 100 
A 
1111-1& 98.58 57.06 57.88% 
5861 b 46.23 25.97 56.17% 
^Administered oleic acid-l-^^C. 
^Administered palmitic acid-l-^^C. 
small intestine proceeded at very similar rates in these two animals. 
The results of these studies demonstrate that absorption of long-
chain fatty acids directly from the rumen via the lymphatic system is 
not an important physiological process in the bovine. These studies 
do not rule out the possibility that long-chain fatty acids are absorbed 
directly from the rumen into the blood, however. In fact, such a pro­
cess may account for the appearance of the small amount of radioactivity 
in the lymph of animals used in these studies during the time that ra­
dioactive ingesta were not returned to the duodenum. The possibility 
of long-chain fatty acids being transported via the blood and recircu­
lated through the lymph has already been discussed. 
Further studies are needed to determine the extent of absorption 
of fatty acids of various chain lengths directly from the rumen via the 
blood. Rumen perfusion techniques are not satisfactory according to 
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McCarthy (1962), and other techniques, such as ligation of the omasal-
abomasal orifice as done by Wood et^ al. (1963), leave the animals in a 
physiologically abnormal condition. Quantitative measurements of the 
absorption of long-chain fatty acids from the rumen via the blood can be 
made by using animals surgically fitted with a rumen fistula, re-entrant 
duodenal cannula, thoracic duct-duct shunt, and portal vein catheters for 
measuring blood flow and sampling portal blood. Surgical preparation of 
such animals is quite possible in view of the success in maintaining the 
animals used in these studies and the development of a reliable portal 
blood flow technique as described by Thorp (1957). 
Distribution of radioactivity among lymph lipid classes Results 
of this investigation are presented in Table 12. Only lymph samples 
which contained high levels of radioactivity were assayed. The amount 
of activity which appeared in each lipid class was expressed as a percent 
of the total activity in all five lipid classes. Over 90% of the radio­
activity appeared in the triglyceride fraction in both animals. This is 
in agreement with results reported for sheep by Heath and Morris (1962) 
and by Rampone (1960) for dogs. Felinski et al. (1964) reported that 79% 
of the total lymph lipid of sheep was in the triglyceride form, while 
Hartmann and Lascelles (1966) found that chylomicron triglyceride com­
prised 50-70% of the total lipid in lymph from dairy cows. This indi­
cates that while most of the fatty acids absorbed from the small intestine 
are esterified to form triglycerides, some of the lymph chylomicron tri­
glyceride is of endogenous origin. 
In the present studies, no more than 1.4% of the total radioactivity 
appeared in the phospholipid fraction of the lymph lipids, but Felinski 
Table 12. Distribution of radioactivity among the various lymph lipid classes from animals in 
which radioactive ingesta were returned to the duodenum during long-chain fatty acid 
absorption studies 
Lipid class 
Animal Time^ Cholesterol Free Free 
(hr) esters Triglycerides fatty acids cholesterol Phospholipids 
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0 . 6  
1.4 
1.5 
0 , 6  
1 . 1  
0.7 
0 . 0  
0.3 
1 . 0  
Mean 0.4 97.2 1 . 2  0 . 8  0.4 
^Time after initiation of return of radioactive ingesta to the duodenum. 
^Administered oleic acid-l-^^C. 
^Administered palmitic acid-l-^^C. 
et al. (1964) reported that phospholipids comprise about 16% of the total 
lymph lipids in sheep and Hartmann and Lascelles (1966) reported a cor­
responding value of 20% in cows. These results are in agreement with the 
observations of Rampone (1960), who concluded that the phospholipids of 
thoracic duct lymph are almost entirely of endogenous origin, and play a 
relatively unimportant role in the transport of fatty acids from the site 
of intestinal absorption. Any statement concerning the role of phospho­
lipids in transport of fatty acids in lymph must be made with considera­
tion of the specific acid in question, however. Heath £t aJ. (1964) 
reported that linoleic acid was the predominant fatty acid in sheep lymph 
phospholipids, and data presented by Felinski et al. (1964) are in agree­
ment with this observation. In the rat, however, Whyte ^  (1963) 
found that stearic acid was incorporated selectively into phospholipids, 
and linoleic acid was preferred to a lesser degree. 
Other workers have reported that certain fatty acids are selectively 
incorporated into various lipid classes during intestinal absorption. 
Karmen et £l. (1963) found that oleic acid was preferentially esterified 
to cholesterol in rats, and Felinski et al. (1964) observed a similar 
situation in sheep. The results in Table 12 suggest that this may also 
be the case in the bovine, since the cholesterol ester fraction in lymph 
from 1111-1, administered labeled oleic acid, contained 3.3% of the total 
radioactivity, compared to only 0.4% in lymph from 5861, to which labeled 
palmitic acid was given. Although the degree of saturation of radioactive 
oleic acid passing from the upper gut of 7101-2 and 1111-1 was not deter­
mined, it is likely that some of the oleic acid escaped hydrogénation in 
the rumen, and was probably esterified to cholesterol. This would account 
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for the difference in the activity of the cholesterol ester fraction in 
lymph from the two animals, and for part of the difference in the activity 
of the triglyceride fraction as well. However, general statements and 
profound conclusions of a reliable nature cannot be made from observations 
on so few samples and animals. Further investigations must be conducted 
before an understanding of lipid absorption, transport, and metabolism 
in the bovine and other species can be considered complete. 
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SUMMABY . . 
The rate of conversion of lauric, myristic, palmitic, stearic, oleic, 
and linoleic acids to ketone bodies by rumen mucosal tissue from five nor­
mal and five fasted nonpregnant, nonlactating Holstein heifers has been 
studied vitro. Fasting for 8 days preceding slaughter caused a signif­
icant increase (P < 0.05) in blood ketone levels, although no clinical 
signs of ketosis were observed in the fasted animals. Tissue from both 
groups of animals converted long-chain fatty acids to ketone bodies, but 
the rate of ketone formation in tissue from fasted animals was signifi­
cantly higher (P < 0.01) than in tissue from control animals. Rates at 
which the various substrates were converted to ketones by tissue from 
fasted animals were not significantly different, although the fatty acids 
containing 12, 14, and 16 carbon atoms tended to be more ketogenic than 
the 18-carbon acids. Lauric, myristic, and palmitic acids were converted 
to ketones more rapidly (P < 0.05) than linoleic acid by tissue from con­
trol animals. 
Results of two additional iii vitro incubation experiments using 
labeled oleic and palmitic acids indicate that ketones are derived 
directly from the long-chain fatty acids, and not from some other sub­
strate as a consequence of altered metabolism caused by the presence of 
the long-chain fatty acids. Tissue from a control animal and a fasted 
animal converted 1.5% and 4.8%, respectively, of the palmitic acid-l-^^C 
in the incubation medium to ketone bodies. 
The method described by Sutton et (1962) was found to be unsuit­
able for measuring absorption of long-chain fatty acids from the rumen 
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of calves. 
A technique was developed for measuring the absorption of long-chain 
fatty acids from the rumen via the lymphatic system. Each of two calves 
surgically fitted with a rumen fistula, re-entrant duodenal fistula, and 
a thoracic duct-duct shunt, received 569 microcuries of ^^C-labeled oleic 
acid via the rumen fistula. Each of two other calves, surgically altered 
in the same manner, received 495 microcuries of labeled palmitic acid 
by the same route. Total collections of ingesta and lymph were made for 
24 hr, and unlabeled lymph was infused to replace that collected. To 
prevent intestinal absorption of labeled fatty acids, total ingesta were 
collected from the re-entrant duodenal cannula and replaced with unlabeled 
ingesta from a donor animal. When radioactive ingesta were returned to 
the duodenum during the second 12 hr of the absorption study with one of 
the animals given ^^C-oleate, 846 times as much radioactivity appeared in 
the lymph during the second half of the experiment as during the first 
half. In the animal in which no ingesta containing ^^C-oleate were re­
turned to the duodenum, only 0.02% of the total radioactive dose appeared 
in the lymph during the 24-hr absorption study. Results in animals which 
received ^^C-palmitate were similar. 
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Table 14. Hourly lymph dry matter percentages for animals used in 
labeled fatty acid absorption studies 
Hours after Animal 
isotope 
administration^ 7101-2 1111-1 7042-8 5861 
lymph dry matter percentage 
-1 6.97 6,95 6,55 5,86 
0 6.50 6.44 5.98 5,96 
1 5.74 6.06 5,54 5,50 
2 5.32 5.30 7.14 5,01 
3 5.10 4.88 6.96 5,06 
4 4.65 4.46 5.90 5.06 
5 4.85 4.92 4,93 4.79 
6 4.34 4.34 4.84 4.96 
7 4.56 4.92 4.96 4.92 
8 3.63 4.01 4.98 4.67 
9 3.66 3.90 5,07 4.33 
10 3.86 4.38 4.96 3.48 
11 3.16 3.88 4,92 4,14 
12 3.28 3.57 4.78 4.00 
13 2.59 3,28 4.69 3.94 
14 2.43 2.35 4,76 4,19 
15 3.18 3.45 4.90 3.90 
16 2.83 3.23 4,89 3.68 
17 2.69 3,42 5,44 3.63 
18 3.44 3.58 5,48 3.65 
19 3.26 3,23 6,82 3.58 
20 3.20 1.93 4,76 3,16 
21 2.86 2.58 4.90 3,32 
22 2.97 2.90 5,54 3,18 
23 2.36 1,55 6,48 3.19 
24 3.31 1,95 5,02 3.38 
^Labeled fatty acids were introduced into the rumen at time 0; 
collection of lymph was begun 2 hr prior to isotope administration. 
no 
Table 15. Total radioactivity passed per hour in lymph of animals used 
in labeled fatty acid absorption studies 
Hours after Animal 
isotope 




1 2.32 2.47 0.40 1.02 
2 3.32 5.44 1.48 6.59 
3 5.50 8.14 1.60 8.18 
4 4.99 5.30 3.86 5.98 
5 3.02 3. 11 6.91 4.96 
6 6.31 9.14 4.90 5,18 
7 5.65 3.95 5.96 5.93 
8 7,44 6.72 4.38 6.54 
9 9.24 4.46 6.05 8.80 
10 7.06 4,92 5.34 7.34 
11 8.80 7.24 6.55 9.98 
12 7.59 6.56 5.91 9.07 
13 6.38 200.6 6.06 12.88 
14 5.12 5,069 6.71 1,108 
15 7.18 7,779 6.24 1,330 
16 5.74 4,354 5.61 1,954 
17 5.10 6,953 5.04 1,877 
18 4.88 6,518 3.10 1,350 
19 8.05 5,959 1.11 2,523 
20 3.34 3,604 5.60 4,152 
21 4.80 5,656 7.40 2,643 
22 4.48 3,450 3.68 2,059 
23 3.28 4,846 4,22 2,948 
24 3,16 2,668 6.09 4,013 
^Labeled fatty acids were introduced into the rumen at time 0; 
collection of lymph and ingesta was begun 2 hr prior to isotope 
administration. 
^Radioactive ingesta were returned to the duodenum beginning 12 hr 
after isotope administration in this animal. 
Ill 
Table 16. Hourly ingesta flow values for animals used in labeled 
fatty acid absorption studies 
Hours after Animal 
isotope 
administration^ 7101-2 1111-1 7042-8 5861 
ml ingesta/hr 
-1 2,250 2,450 1,000 2,400 
0 2,500 2,450 1,275 375 
1 1,300 3,250 1,400 150 
2 2,100 2,600 500 1,650 
3 2,225 2,050 500 1,200 
4 2,400 2,200 1,150 725 
5 1,350 2,200 1,200 200 
6 2,025 2,300 1,100 350 
7 2,800 2,475 1,100 675 
8 2,750 2,175 1,300 575 
9 1,875 2,250 1,150 850 
10 1,525 1,500 1,300 450 
11 2,600 2,100 1,100 600 
12 2,225 1,550 1,050 950 
13 1,300 1,550 1,400 1,000 
14 1,400 2,100 800 550 
15 1,750 1,625 1,575 550 
16 1,650 1,650 1,400 700 
17 2,150- - 1,225 900 500 
18 1,200 1,225 975 1,000 
19 1,600 1,100 700 1,600 
20 2,200 2,550 950 400 
21 1,225 1,300 350 900 
22 1,750 1,750 600 1,150 
23 1,050 1,300 450 1,150 
24 1,950 1,150 500 550 
^Labeled fatty acids were introduced into the rumen at time 0; 
collection of ingesta was begun 2 hr prior to isotope administration. 
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Table 17. Total radioactivity passed per hour through the duodenal 
cannula of animals used in l^G-labeled fatty acid absorption 
studies 
Hours after Animal 
isotope 
•L 
administration^ 7101-2 1111-1° 7042-8 586r 
ml pi"nr*nT"i p R/TTT ... 
-1 
0 : : 
1 0.42 5.08 17.31 0.01 
2 14.91 15.06 7.42 0.51 
3 21.72 14.63 8.00 1.44 
4 15.24 22. 19 13.51 1.69 
5 7.78 21.31 12.12 0.29 
6 17.74 24.50 19.62 0.71 
7 27.43 20.78 18.59 1.38 
8 19.76 20.20 19.43 1.02 
9 11.14 14.13 16.56 1.81 
10 9.75 13.26 19.50 0.76 
11 10.35 21.93 14.79 1.41 
12 9.61 13.63 13.99 3.84 
13 5.87 11.58 15.73 3.62 
14 7.81 9.72 8.27 1.22 
15 4.86 8.76 15.61 1.02 
16 3.99 9.80 12.36 1.87 
17 10.70 5.64 6.88 1.43 
18 5.87 6.21 6.20 4.73 
19 7.61 5.44 4.34 8.29 
20 11.55 7.54 3.79 1.30 
21 5.66 6.55 0.95 5.64 
22 5.28 8.93 1.69 6.55 
23 5.16 4.78 1.22 6.72 
24 1.64 4.97 0.96 3.19 
^Labeled fatty acids were introduced into the rumen at time 0; 
collection of ingesta was begun 2 hr prior to isotope administration. 
^Radioactive ingesta were returned to the duodenum beginning 12 hr 
after isotope administration in this animal. 
